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(57) Abstract ^IQ 

Disclosed is a reversible, electro- 
chemical cell (10) having a high electro- 
chemical activity, hydrogen storage nega- 
tive electrode (12). The negative electrode 
is formed of a reversible, multicomponent, 
multiphase, electrochemical hydrogen sto- 
rage alloy. The hydrogen storage alloy is 
capable of electrochemically charging and 
discharging hydrogen in alkaline aqueous 
media. In one preferred exemplification 
the hydrogen storage alloy is a member of 
the family of hydrogen storage alloys, de- 
rived from the V-Ti-Zr-Ni-Cr and V-Ti-Zr- 
Ni-Cr alloys in which the V, Ti, Zr, Ni and 
Cr are partially replaced by one or more 
modifiers, and the alloy has the composi- 
tion: (Vy.yNiy. 
" /.xZrxCrJaM'bM"^"'^""^ where 
.\ is between 1.8 and 2.2, x is between 0 
and 1.5, y* is between 3.6 and 4.4, y is be- 
tween 0.6 and 3.5, z is between 0.00 and 
1.44, a designates that the V-Ni-Ti-Zr-Cr 
component, as a group is from 70 to 100 
atomic percent of the alloy, b, c, d, e, are the coefficients on the modifiers, and M', M", and M 1 are modifiers which may 
be individually or collectively up to 30 atomic percent of the total alloy. The modifiers, and M', M", M" 1 , and M ,v are modi- 
fiers which may be individually or collectively up to 30 atomic percent of the total alloy. The modifiers, M', M", M ni , and 
M iv are chosen from Al, Mn, Mo, Cu, W, Fe, Co, Si, Sn, Zn and combinations thereof. 
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CATALYTIC HYDROGEN STORAGE ELECTRODE MATERIALS FOR USE TN ELECTROCHEMICAL CELLS 
INCORPORATING THE MATERIALS 

FIELD OF THE INVENTION 

The present invention relates to rechargeable electrochemical 
cells. More particularly, the invention relates to rechargeable cells 
and batteries having negative electrodes formed of multicomponent, 
multiphase, electrochemical hydrogen storage alloys. The negative 
electrodes are characterized by superior electrochemical properties, 
I.e.. high cycle life, high capacity, high drain rates, high midpoint 
voltages, low self-discharge, and enhanced low temperature 
behaviorssures. 

BACKGROUND OF THE INVENTION 
A. PRINCIPLES OF OPERATION 

Secondary cells using rechargeable hydrogen storage negative 
electrodes are an environmentally non-threatening, high energy density 
electrochemical power source. These cells operate In a different manner 
than lead add, nickel -cadmium or other battery systems. The 
rechargeable hydrogen storage electrochemical cell or battery utilizes a 
negative electrode that is capable of reverslbly electrochemically 
storing hydrogen. These cells usually employ a positive electrode of 
nickel hydroxide material, although other positive materials may be 
used. The negative and positive electrodes are spaced apart 1n an 
alkaline electrolyte, which may include a suitable separator, i.e., a 
membrane, therebetween. 

Upon application of an electrical potential across the cell, the 
negative electrode material (H) is charged by the electrochemical 
absorption of hydrogen and the electrochemical evolution of hydroxyl 1on: 

M + H 2 0 + e~ H-H + 0H~ (Charging) 

Upon discharge, the stored hydrogen 1s released to form a water 
mol cule and ev Ive an electron: 
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M-H + OH H + H 2 0 + e (Discharging) 

In the reversible (secondary) cells of the invention, the reactions are 
reversible. 

The reactions that take place at the positive electrode of a 
secondary cell are also reversible. For example, the reactions at a 
conventional nickel hydroxide positive electrode as utilized in a 
hydrogen rechargeable secondary cell are: 

N1(0H) 2 + OH" NiOOH + H 2 0 + e~ (Charging), 

N100H + H 2 0 + e" Ni(0H) 2 + 0H~ (Discharging). 

A secondary cell utilizing an electrochemically rechargeable 
hydrogen storage negative electrode offers important advantages over 
conventional secondary cells and batteries, e.g., nickel-cadmium cells, 
lead-acid cells, and lithium cells. First, the hydrogen storage 
secondary cells contain neither cadmium nor lead nor lithium; as such 
they do not present a consumer safety or environmental hazard. Second, 
electrochemical cells with hydrogen storage negative electrodes offer 
significantly higher specific charge capacities than do cells with lead 
or cadmium negative electrodes. As a result, a higher energy density is 
possible with hydrogen storage cells than with conventional systems, 
making hydrogen storage cells particularly suitable for many commercial 
applications. 

B. BACKGROUND OF THE INVENTION: 

AB TYPE HYDROGEN STORAGE ALLOYS 
—2 " 

The hydrogen storage art provides a rich storehouse of hydrogen 
storage alloys, both electrochemical and thermal. One type of these 
alloys are exemplified by the AB 2 type hydrogen storage alloys. The 
prior art references teach basic C u and C 15 type Laves phase AB 2 
materials with (1) one or more of Ti, Zr, and Hf, and (2) Ni, generally 
with one or more additional metals. However, there is no teaching in any 
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of the prior art references of either the local metallurgical, chemical, 
or electrochemical relationships between the vari us Individual metals 
that partially substitute for N1, or that partially substitute for the 
T1 Zr, and/or Hf. Nor 1s there any teaching of local, I.e.. 1ntra-phase, 
compositions and the effect of local. I.e.. 1ntra-phase, compositional 
differences on catalytic properties, generally, and key determinants of 
catalytic properties, such as the electron work function. 

The earliest teachings of AB 2 type hydrogen storage materials 
are thermal hydrogen storage alloys. In thermal hydrogen storage alloys 
the driving forces for hydriding and dehydriding are thermal and pressure 
driving forces. By way of contrast, electrochemical hydrogen storage 
alloys are hydrided and dehydrided by electron transfer processes in 
Ionic media. 

Early reported members of the AB 2 class were the binaries 
ZrCr , ZrV , and ZrMo 2 - These were reported to be thermal hydrogen 
storage alloys by A. Pebler and E.A. Gulbransen, Transactions of the 
Metallurgical Society . 239, 1593-1600 (1967). 

Another early member of this class is the Mg-Ni thermal hydrogen 
storage alloy described by 3.J. Reilly and R.H. Hlswall, "The Reaction of 
Hydrogen With Alloys of Hagnesium and Nickel and the Formation of 
Hg N1H " Tnoroanic Chero. (1968) 7. 2254. These early alloys of 
Reilly* and Mswell were thermal hydrogen storage alloys, which hydrided 
and dehydrided by pressure and temperature driven processes, and not by 
electron transfer with an external circuit. 

F.H.H. Spit, J.W. Drivjer, and S. Radelar describe a class of 
ZrNi binary thermal hydrogen storage alloys in -Hydrogen Sorption By The 
Metallic Glass Ni M Zr 36 And ' * Related Crystalline Compounds," 
^rrint, Metallurgica l. 14. ("80) J071-1076. In this paper Spit et al 
describe the thermodynamics of gas phase hydrogen adsorption and 
desorption in the ZrNi 2 binary system. 



Subsequently, in F.H.H. Spit, J.W. Drivjer, and S. Radelar, 
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"Hydrogen Sorption in Amorphous Ni(Zr,T1) Alloys", Zeitschrift Fur 
Phvsikaisch Chemle Neue Folge Bd. . 225-232 (1979) reported the gas phase 
hydrogen sorption and desorption kinetics of thermal hydrogen storage 
processes in Zr 36 gNi^ ? and Ti^Zr^. 

Zirconium-manganese binary thermal hydrogen storage alloys were 
disclosed, for example, in F. Pourarian, H. Fujii, W. E. Wallace, 
V.K.Shlna, and H. Kevin Smith, "Stability and Magnetism of Hydrides of 
Monstoichiometric ZrHn 2 " f J. Phvs. Chem. . 85, 3105-3111. Pourarlan et 

al describe a class of nonstoichiometric hydrides of the general formula 

ZrHn where x = 0.6, 0.8, and 1.8. (ZrT1) -manganese ternary hydrogen 
2+x 

storage alloys were described by H. Fujii T F. Pourarian, V.K. Sinha, and 
W.E. Wallace, "Magnetic, Crystallographic, and Hydrogen Storage 

Characteristics of Zr^T^Mng Hydrides", 3. Phvs. Chem. . 85, 3112. 

Manganese-nickel binary thermal hydrogen storage alloys were 
described for thermal hydrogen storage in automotive applications by H. 
Buchner in "Perspectives For Metal Hydride Technology", Prog. Energy 
Combust. Sci. . 6, 331-346. 



Ternary zirconium, nickel, manganese thermal hydrogen storage 
alloys are described in, for example, A. Suzuki and N. Mishimiya, 
"Thermodynamic Properties of 2r(H1 Mn ) 2 - H 2 Systems f ° Mat. 
Res. Bull. . 19, 1559-1571 (1984). Suzuki et al describe the system 
Zr(N1 x Hn l _ x ) 2 where x « 0.2, 0.5, and 0.8. 

Six component thermal hydrogen storage alloys of the general 
AB 2 type are described in 6erman Patentschrift DE 31-51-712-C1 for 

Titanium Based Hydrogen Storage Alloy With Iron And/or Aluminum Replacing 
Vanadium and Optionally Nickel, based upon German Application DE 

31-51-712 filed December 29, 1981, of Otto Bemauer and Klaus Ziegler, 
and assigned to Daimler Benz AG. The key teaching of Bemauer et al is 
that the vanadium in a six component Tl-Zr-Mn-Cr-V-Ni alloy can be 
partially replaced by Fe and/or Al to give a lower cost thermal hydrogen 
st rage alloy. A secondary teaching is that the Ni can be partially 
replaced by Fe to further reduce the cost of the alloy. The key teaching 
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is that Fe can be used in the alloy without hurting the properties. 

Bemauer et al describe a thermal hydrogen storage alloy having 
the composition Ti 1 _ a Zr a Mn 2 _ x Cr x _ y (V z Ni 1 _ z ) yt where a is 
from 0 to 0.33, x is from 0.2 to 1.0, y is between 0.2 and x, and z is 
from 0.3 to 0.9. Bernauer et al disclose that the Ni is partially 
replaceable by Co and/or Cu, and from 1 to 5 atomic percent of the Ti is 
replaceable by strong oxygen getters, such as lanthanum and other rare 
earth's. It is further disclosed that up to 20 atomic percent of the 
vanadium is replaceable by Fe, and up to 15 atomic percent of the 
vanadium is replaceable by Al, with the provision that no more than 30 
atomic percent of the V can be replaced by Fe and Al. It is further 
disclosed that Ni atoms can be replaced by Fe atoms. 

A further related teaching relating to multi-component thermal 
hydrogen storage alloys of this general type is in German Patentschrift 
DE 30-23-770-C2 for Titanium Manganese Vanadium Based Laves Phase 
Material With Hexagonal Structure, Used As Hydrogen Storage Material, 
based upon 6erman Application DE 30-23-770 filed June 25, 1980, and 
30-31-471 filed August 21, 1980 of Otto Bemauer and Klaus Ziegler, and 
assigned to Daimler Benz AG. The key teaching of Bemauer et al is that 
the nickel in a six component Tl-Zr-Hn-Cr-V-Ni alloy can be partially 
replaced by Co and/or Cu to give a lower cost thermal hydrogen storage 
alloy. 

The alloys disclosed in DE 30-23-770 are 

Ti l-a Zr a Hn 2-x Cr x-y (V z H l-z ) y in which M is ° ne ° r m ° re ° f 
Ni, Co, and Cu, a is from 0.0 to 0.3, x is from 0.2 to 1.0, y is between 

0,2 and the value of x, and the ratio of vanadium to total Ni, Co, and Cu 
1s between 9:1 and 3:2. 

Matsushita Electric Industrial Co.'s United States Patents 
4,153,484 and 4,228,145, to Gamo, Moriwaki, Yamashlta, and Fukuda, both 
entitled Hydrogen Storage Material , disclose a class of C14 type Laves 
phase materials for the thermal storage of hydrogen. That is, the 
materials are hydrided by gaseous hydrogen and dehydrided by evolving 



WO 91/08167 



6 



PCT/US90/06806 



gaseous hydrogen. The disclosed C14 materials have a hexagonal crystal 
structure with an a lattice dimension of 4.80 to 5.10 Angstroms and a c 
lattice dimension of 7.88 to 8.28 Angstroms. Gamo et al.'s disclosed 
thermal hydrogen storage alloys contain Ti-Zr-Mn, optionally with one or 
more of Mo, or Cu. This family of thermal hydrogen storage patents 
requires the presence of Hn, is silent as to V, Cr, or Ni, and contains 
no teaching of additional materials. 

Other Laves phase materials are disclosed in Matsushita's U.S. 

Patent 4 f 160 f 014 of Takaharu Gamo, Yoshio Horiwaki, Toshio Yamashita, and 

Hasataro Fukuda for Hydrogen Storage Material , claiming the benefit of 

Japanese Patent Application 52JP-054140 filed May 10, 1977. Gamo et al 

disclose an AB type thermal hydrogen storage material where A is at 
a 

least 50 atomic percent Ti, balance one or more of Zr or Hf, B is at 
least 30 atomic percent Mn, balance one or more of Cr, V, Nb, Ta, Mo, Fe, 
Co, Mi, Cu, and rare earth's, and a is from 1.0 to 3.0. 

Another class of thermal hydrogen storage materials is disclosed 
in U. S. Patent 4,163,666 of D. Shaltiel, D. Davidov, and I. Jacob for 
Hydrogen Charged Allovs of Zr(A 1 B 1 And Method of Hydrogen 
Storage. Shaltiel et al. disclose the ternary Zr(A 1-x B x ) 2 where A 
is or more of V, Hn, or Cr, and B is one or more of Fe or Co. The 
material is disclosed as a thermal hydrogen storage alloy. 

Other prior art Laves phase-type hydrogen storage alloys are 
shown, for example, in Matsushita Electric Industrial Co. Ltd. U.S. 
Patent 4,195,989 of Takaharu Gamo, Yoshio Moriwaki, Toshio Yamashita, and 
Hasataro Fukuda for Hydrogen Storage Material , claiming the benefit of 
Japanese Patent Applications 53JP-044677 filed April 14, 1978, and 
52JP-130049 filed October 28, 1977. Gamo et al disclose a Laves phase 
hexagonal Ti-Hn-M alloy where M is one or more of V, Cr, Fe, Co, Ni, Cu, 
and Mo, with the a parameter being between 4.86 and 4.90 Angstroms, and 
the c parameter being between 7.95 and 8.02 Angstroms. These materials 
are disclosed to be thermal hydrogen storage materials. 

U.S. Patent 4,397,834 of M. Mendelsohn and D. Gruen for "Method 
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of Gettering Hydrogen Under Conditions of Low Pressure" describes a 
ternary Zr-V-Cr hydrogen storage alloy. The alloy, having the formula 
represented by ZrfV^Cr^, where x is from 0.01 to 0.90, is used 
to getter or scavenge hydrogen gas. 

In U.S. Patent 4,406,874 of William E. Wallace, F. Pourarian, 
and V. K. Sinha, for "ZrMn., -Type Alloy Partially Substituted With 
Cerium/ Praseodymium/ Neodymlum and Characterized By AB ? Stoichiometry" 
there is disclosed a thermochemical hydrogen storage alloy having the 

formula Zr M Hn where x is between 0.0 and 0.3, and H is Ce, Pr, 

x-1 x 2 , 
or Nd. The material is disclosed to have a hexagonal Laves structure 
with the a crystal log raphic parameter equal to 5.00 to 5.03 Angstroms, 
and the c crystal lographic parameter equal to 8.20 to 8.26 Angstroms. 
This alloy is disclosed to be a thermochemical hydrogen storage alloy. 

All of the AB 2 hydrogen storage alloys described hereinabove 
are thermal hydrogen storage alloys. Prior art Laves phase-type 
electrochemical hydrogen storage alloys are shown, for example, in 
Matsushita Electric Industrial Co. Ltd. Laid Open European Patent 
Application 0-293 660 based on European Patent Application 88107839.8, 
filed May 16, 1988 , and claiming the priority dates of Japanese Patent 
Applications 87/119411, 87/190698, 87/205683, 87/216898, and 87/258889, 
and the following Japanese patents of Matsushita: 

1. Japanese Patent 89-102855 Issued April 20, 1989, of 
Moriwaki, Gamo, and Iwaki, entitled HYDROGEN STORING 
ALLOY ELECTRODE, issued on Japanese Patent Application 
87JP-258889, filed October 14, 1987. This patent 
discloses multl -dimensional hydrogen storage alloys and 
their hydrides. The alloys are disclosed to be C 15 
Laves phase type materials. The materials have the 
chemical formula expressed by A x B y Ni z where A is Zr 
either alone or with one or more of T1 and Hf, the Ti or 
Hf being 30 atomic percent or less, x=1.0, B is at least 
one of the elements Nb, Cr, Ho, Mn, Fe, Co, Cu, Al and 
rare earth elements such as La and Ce, y=0.5 to 1.0, z=1.0 
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to 1-5, and the sum of y+z=1.5 to 2.5. Moriwaki et al 
disclose that this composition enhances the hydrogen 
storing ability of the alloy and suppresses the loss of 
discharge capacity which occurs after repeating charge/ 
discharge cycling (cycle life) of Ti-Ni and Zr-Ni binary 
systems. There is no teaching of how one chooses between 
Nb, Cr, Ho, Hn, Fe, Co, Cu, Al, La and Ce or the relative 
proportions within this class of substituents to optimize 
properties. 

2. Japanese Patent 63-284758 of Gamo, Moriwaki, and Iwaki 
which issued November 22, 1988 entitled HYDROGEN-STORING 

ELECTRODE on Japanese Patent Application 62-119411 filed 
Hay 15, 1987. This patent discloses an alloy which is 
expressed by a formula AB 2 , and belongs to the Laves 
phase of intermetallic compounds, with a cubically 
symmetric CI 5 structure and a crystal lattice constant in 

the range from 6.92-7.70 angstroms. A represents one or 
more of the elements selected from among Ti, and Zr, B 
represents one or more elements selected from among V, 
and Cr. This patent is silent as to additional 
substituents or modifiers. 

3. Japanese Patent 89-035863 of Gamo, Moriwaki, and Iwaki 
which issued January 6, 1989 entitled HYDROGEN ABSORBING 
ELECTRODE on Japanese Patent Application 62-190698 filed 
July 30, 1987. This patent discloses an alloy of Zr, V, 
Ni satisfying the general formula ZrV a Ni b> where a = 

0.01 - 1.20, and b = 1.0-2.5. However, this teaching of a 
general formula does not teach specific substituents or 

modifiers. 

4. Japanese Patent 89-048370 of Gamo, Moriwaki, and Iwaki 
which issued February 22, 1989 entitled HYDROGEN ABSORBING 
ELECTRODE on Japanese Patent Application 62-205683 filed 
August 19, 1987. This patent discloses an alloy 
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ZrMo Ni b where a = 0.1 - 1.2, .and b = 1.1 - 2.5. 
This 3 reference does not teach or suggest complex alloys of 
five or more components. 

5 Japanese Patent 89-060961 of Gamo. Horiwaki, and Iwakl 
which issued March 8. 1989 entitled HYDROGEN ABSORBING 
ELECTRODE on Japanese Patent Application 62-216898 filed 
August 31. 1987. This patent discloses a general alloy 
composition of the formula: Zr^Ni^ where a, 
b, c, and d are the respective atomic ratios of elements 
Zr, V, Ni, and M, a = 0.5 to 1.5, b = 0.01 to 1.2. c = 
0.4 to 2.5, and d = 0.01 to 1.8, and b + c + d - 1.2 to 
3.7, and M is one or more elements selected from Mg, Ca, 
Y, Hf, Nb, Ta, Cr, Mo, Ti, W, Mn, Fe, Co, Pb, Cu, Ag, Au, 
Zn, Cd, Al, In, Sn, Bi, La. Ce, Mm, Pr. Nd, and Th. This 
patents, with a list of twenty eight metals plus misch 
metal, does not teach or even suggest any relationships 
between the members of the twenty eight metal class of 
substituents. 

The Laid Open European Patent Application of Gamo et al. 
describes hexagonal C14 Laves phase materials characterized by lattice 
constants with a from 4.8 to 5.2 Angstroms, and c from 7.9 to 8.3 
Angstroms, and cubic C15 Laves phase materials with a lattice constant 
from 6.92 to 7.20 Angstroms. The materials have the formula AB fl where a 
is selected from a 16 member list of Zr, Ti, Hf, Ta. Y, Ca, Mg, La, Ce. 
Pr, Mm, Nb, Nd, Mo, Al, and SI. and B is selected from a 27 member list 
of Ni, V, Cr, Mn, Fe, Co, Cu, Zn, Al, Si. Nb. Ho, W, Mg, Ca, Y, Ta, Pd. 
Ag, Au. Cd. in. Sn. Bi. La. Ce and Mm, where A and B are different from 
each other, and a is from 1.0 to 2.5. 

The only guidance provided by Gamo et al. in the selection of 
the -A" components is that A be Zr, or a mixture of at least 30 atomic 
perc nt Zr, balance one or more of Ti, Hf, Si, and Al. The only guidance 
with respect to the "B" components is that B be V-Ni, Mo-Ni. or V-Ni-M in 
which M is another metal. 
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Gamo et al. describe with particularity the subclasses of 
Zr-V-Ni, Zr-Mo-Ni, and Zr-V-Ni-M (where H is chosen from Mg, Ca, Y, Hf f 
Nb, Ta f Cr f Mo, Ho, W, Hn, Fe, Co, Pd, Cu, Ag, Au, Zn, Cd, Al, Si, In, 
Sn, Bi, La, Ce, Mm, Pr, Nd, Th, and Sm). To be noted is that Ti 
containing materials are excluded from this sub-class, and that Gamo is 
silent as to any relationships and/or rules regarding the selection of 
the modifier or modifiers. 

Another subclass disclosed by Gamo et al is A'B'Ni (where A 1 is 
Zr or at least 30 atomic percent Zr with one or more of Ti, Hf, Al, and 
Si, and B' is one or more of V, Cr, Mn, Fe, Co, Cu, Zn, Al, Si, Nb, Mo, 
W, Mg, Ca, Y, Ta, Pd, Au, Ag, Cd, In, Sn, Bi, La, Ce, Mm, Pr, Nd, Th, and 
Sm. Gamo et al disclose that when A 1 is Zr, the Zr is preferably in 
combination with Al or Si, and preferably B 1 represents two or more 
elements from the group consisting of Cr, Hn, Fe, and Co. What Gamo 
fails to disclose is a modified, five or more component material based 
upon Ti-V-Zr-Ni-Cr, with additional metallic components to increase one 
or more of cycle life, cell voltage, capacity, discharge rate capability, 
or low temperature performance. 

C. BACKGROUND OF THE INVENTION: 
Ti-V-Zr-Ni TYPE MATERIALS 

Another suitable class of electrochemical hydrogen storage 
alloys are the Ti-V-Zr-Ni type active materials for the negative 
electrode. These materials are disclosed in U.S. Patent No. 4,551,400 to 
Krishna Sapru, Kuochih Hong, Hichael A. Fetcenko, and Srinivasan 
Venkatesan, incorporated herein by reference. These materials reversibly 
form hydrides in order to store hydrogen. The materials of Sapru et al 
have the generic Ti-V-Zr-Ni composition, where at least Ti, V, and Ni are 
present with at least one or more of Cr, Zr, and Al. The materials of 
Sapru et al are multiphase materials, which may contain one or more 
phases of the AB^ type, with C14 and CI 5 type structures. One 
composition disclosed by Sapru is: 

( TiV 2-x N Vl-y H y 

where x is between 0.2 and 1.0, y is between 0.0 and 0.2, and M = Al or 
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Zr. Two other illustrative compositions of Sapru et al illustrate the 
partial substitution of the Ti by one or both of Zr and Cr: 

Ti 2-x Zr x V 4-y Ni y 

where zirconium is partially substituted for Ti, x is between 0.0 and 
1.5, and y is between 0.6 and 3.5; and 

Ti l-x Cr xVy Ni y 

where chromium is partially substituted for Ti, x is between 0.0 and 
0.75, and y is between 0.2 and 1.0. It is of course to be understood 
from the teachings of Sapru et al that both zirconium and chromium may be 

partially substituted for titanium. 6enerally, 

(Ti + Zr + Cr)/(V + Ni) 
is from about 0.40 to about 0.67 to retain the proper Ni morphology in 
the hydrogen storage alloy. 

Sapru et al, however, are silent as to the effects of additives 
and modifiers beyond those enumerated above, and as to the interactions 
between these additives and modifiers. 

Other Ti-V-Zr-Ni materials may also be used for the rechargeable 
hydrogen storage negative electrode. One such family of materials are 
those described in U.S. Patent 4,728,586 of Sr1n1 Venkatesan, Benjamin 
Reichman, and Michael A. Fetcenko for ENHANCED CHARGE RETENTION 
ELECTROCHLHICAL HYDROGEN STORAGE ALLOYS AND AN ENHANCED CHARGE RETENTION 
ELECTROCHEMICAL CELL, the disclosure of which is hereby Incorporated 
herein by reference. Venkatesan et al. describe a specific sub-class of 
the Ti-V-Ni-Zr hydrogen storage alloys comprising titanium, vanadium, 
zirconium, nickel, and a fifth component, chromium. In a particularly 
preferred exemplification of Venkatesan et al. the hydrogen storage alloy 

has the composition ( Ti >33 _ x Zr x V .67-y Ni y ) l-z Cr z WherS X 1$ 
from 0.00 to 0.25, y is from 0.1 to 0.6, and z is an effective amount for 
electrochemical charge retention, generally greater then 0.05 and less 
then 0.20, and preferably about 0.07. The alloys may be viewed 
stoichioraetrically as 80 atomic percent of an V-Ti-Zr-N1 moiety and up to 
20 atomic percent of Cr, where the ratio of (Ti + Zr + Cr + optional 
modifiers) to (Ni + V + optional modifiers), is between 0.40 and 0.67. 
Venkatesan et al, while mentioning the possibility of additives and 
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modifiers beyond the Ti, V f Zr, Ni f and Cr components of the alloys, are 
silent as to the specific additives and modifiers, and the amounts and 
interactions of the modifiers and the particular benefits that would be 
expected therefrom. 

A strong motivation for using the above described V-Ti-Zr-Ni 
family of electrochemical hydrogen storage alloys, as described by Sapru 
et al., and Venkatesan et al., including the T1-V-Zr-Ni-Cr hydrogen 
storage alloys of Venkatesan et al., is the inherently higher discharge 
rate capability of these materials. Important physical properties in 
this regard are the substantially higher surface areas for the V-Ti-Zr-Ni 
materials, and the metal /electrolyte interface. Measured in surface 
roughness factor (total surface area divided by geometric surface area), 
the V-Ti-Zr-Ni materials can have roughness factors of about 10,000. The 
very high surface area plays an important role in the inherently high 
rate capability of these materials. 

The metal /electrolyte interface also has a characteristic 
surface roughness- The characteristic surface roughness for a given 

negative electrode electrochemical hydrogen storage material is important 
because of the interaction of the physical and chemical properties of the 
host metals, as well as of the alloys and crystal lographic phases 
thereof, in an alkaline environment. The microscopic chemical, physical, 
and crystal lographic parameters of the individual phases within the 
hydrogen storage alloy material are believed to be important in 
determining the macroscopic electrochemical characteristics of the 
hydrogen storage material. Since all of the elements, as well as many 
alloys and phases thereof, are present throughout the metal, they are 
also represented at the surfaces and at cracks which form the 
metal/electrolyte interface. 

In addition to the physical nature of the roughened surface, it 
has been observed that the V-Ti-Zr-Ni materials tend to reach a steady 
state surface condition and particle size. This steady state surface 
condition is characterized by a relatively high concentration of metallic 
nickel. These observations are consistent with a relatively high rate of 
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removal of the oxides of titanium and zirconium from the surface and a 
much lower rate of nickel solubilization. The resultant surface seems to 
have a higher concentration of nickel than would be expected from the 
bulk composition of the negative hydrogen storage electrode. Nickel in 
the metallic state is electrically conductive and catalytic, imparting 
these properties to the surface. As a result, the surface of the 
negative hydrogen storage electrode is more catalytic and conductive than 
if the surface contained a higher concentration of insulating oxides. 

The surface, having a conductive and catalytic component, e.g., 
the metallic nickel, appears to interact with chromium, including 
chromium metal, chromium compounds, and chromium alloys, in catalyzing 
various hydride and dehydride reaction steps. To a large extent, many 
electrode processes, including competing electrode processes, are 
controlled by the presence of chromium in the hydrogen storage alloy 
material, as disclosed in the aforementioned United States Patent 
4 728 586 of Srini Venkatesan, Benjamin Reichraan, and Hichael A. Fetcenko 
for ENHANCED CHARGE RETENTION ELECTROCHEMICAL HYDROGEN STORAGE ALLOYS AND 
AN ENHANCED CHARGE RETENTION ELECTROCHEMICAL CELL, the disclosure of 
which was incorporated herein by reference . 

Another reference which discusses the Ti-V-Zr-Ni class of 
materials is U.S. Patent No. 4,849,205 to Kuochih Hong for "HYDROGEN 
STORAGE HYDRIDE ELECTRODE MATERIALS". The Hong patent discloses four 
separate types of materials, each having four or five components. More 
particularly. Hong discloses a first material having the formula 
TiZrNiCrM, wherein 0.1 < a £ 1-4; 0.1 < b £ 1.3, 
O^VcV 1.95; 0.1 < d * 1.4; 0.0 < x * 0.20; a^+c^S; 
and M = Al, Si, V. Hn, Fe. Co, Cu, Nb and Ln's. In this system, Hong 
teaches exemplary coumpounds primarily having four components including 
Ti-Zr-Ni-Cr, with Cr up to 17< of the material. The one five component 
exemplary material taught by Hong included Mn in concentrations of 
approximately 3.2*. No other exemplary five component compounds are 
taught by Hong. More importantly, the only documented benefit of the 
exemplary alloys of formula one are their enhanced charge capacity. 
However, a careful perusal of Table 1 of the Hong reference shows that 
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the inclusion of Hn in the four component material of Formula 1 reduces 
the charge capacity of those materials. Further, while other benefits of 
the Formula 1 materials are suggested, i.e., long life cycles, there is 
no documented evidence of improvemented life cycle, much less any other 
operational parameter. Thus, one of ordinary skill would in fact be 
taught away from the use of Hn in a metal-hydride battery system since 
its inclusion reduces the charge capacity of the materials, and no other 
apparent benefits thereof result. Additionally, the use of other 
modifier materials in the basic four component system of Formula 1 is 
never even considered either in light of charge capacity or any other 
operational parameter. Therefor, there is no indication of what, if any 
benefit would result therefrom. 

The second class of materials taught by Hong is expressed by the 

formula Ti Cr Z Ni V t M ; wherein 0.1 < a £ 1.3; 

abed 3-a-b-c-d x 
0.1 < b £ 1.2; 0.1 < c £ 1.3; 0.2 < d £ 1.95; 0.4 < a+b+c+d 

* 2.9; 0.00 < x £ 0.2; and M =A1, Si, Hn, Fe, Co, Cu, Nb, Ln's. In 

this class, Hong teaches exemplary coumpounds primarily having five 

components including Ti-Zr-Ni-Cr-V. The one six component exemplary 

material taught by Hong includes Cu as a modifier element in 

concentrations of approximately 3.2%. No other exemplary six component 

compounds are taught by Hong. More importantly, the only documented 

benefit of the exemplary alloys of Formula 2, like that of Formula 1, are 

their enhanced charge capacity. However, a careful perusal of Table 1 of 

the Hong reference shows that the inclusion of Cu in the five component 

material of Formula 2 displays reduced charge capacity compared to other 

five component materials. Further, while other benefits of the Formula 2 

materials are suggested, i.e., long life cycles and good rate capability, 

there is no documented evidence of improvemented life cycle or rate 

capability, much less any other operational parameter. Thus, one of 

ordinary skill would in fact be taught away from the use of Cu in a 

metal -hydride battery system since its inclusion reduces the charge 

capacity of the materials, and no other apparent benefits thereof 

result. Additionally, the use of other modifier materials in the basic 

five component system of Formula 2 is never even considered either in 

light of charge capacity or any other operational parameter. Therefore, 
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there 1s no indication of what, if any benefit would result therefrom. 

The third class of materials taught by Hong is expressed by the 
formula: Ti a Zr b N1 c V 3-a-b-c M x where1n 0.1 < a * 1.3; 0.1 
< b S 1.3; 0.25 < c £ 1.95; 0.6 < a+b+c £ 2.9; 0.0 < x £ 
0.2; and wherein if x=0, a+b does not equal 1.0, and 0.24 a b £ 1.3. 
Further, M = Al, S1, Cr, Mn, Fe, Co, Cu, Mb, Ln's. In this class of 
materials, Hong teaches exemplary compounds primarily having four 
components Including T1-Zr-N1-V. The one five component exemplary 
material taught by Hong Included Cu as a modifier element in 
concentrations of approximately 6.2%. No other exemplary five component 
compounds are taught by Hong. More importantly, the only documented 
benefit of the exemplary alloys of Formula 3, are their enhanced charge 
capacity. However, a careful perusal of Table 1 of the Hong reference 
shows that the inclusion of Cu in the four component material of Formula 
3 displays significantly reduced charge capacity compared to other four 
component materials disclosed therein. Further, no other benefits of the 
Formula 3 materials are suggested, either with or without the inclusion 
of Cu as a modifier component. Thus, there can be no doubt but that one 
of ordinary skill would avoid the use of Cu in a metal-hydride battery 
system since its inclusion so significantly reduces the charge capacity 
of the materials, without contributing any apparent benefits thereof. 
Additionally, the use of other modifier materials in the basic four 
component system of Formula 3 is never even considered either in light of 
charge capacity or any other operational parameter. Therefore, there 1s 
no indication of what, if any benefit would result therefrom, nor any 
reason for the use thereof suggested. 

Finally, the fourth class of materials taught by Hong can be 
represented by the formula: Ti a Mn b V c Ni d H x wnere1n °* 1 < a 
£ 1.6; 0.1 < b £ 1.6; 0.1 < c £ 1.7; 0.2 < d £ 2.0; a+b+c+d 
= 3; 0.0 < x £ 0.2; and H = Al, Si, Cr, Mn, Fe, Co, Cu, Nb, Ln's. In 
this class of materials, Hong teaches exemplary coumpounds primarily 
having four components including Ti-Mn-Nl-V. The one five component 
exemplary material taught by Hong Included Co as a modifier element in 
concentrations of approximately 3.2*. No other exemplary five component 
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compounds are taught by Hong. More importantly, the only documented 
benefit of the exemplary alloys of Formula 4, are their enhanced charge 
capacity. However, a careful perusal of Table 1 of the Hong reference 
shows that the inclusion of Co in the five component material of Formula 
4 displays, once again, significantly reduced charge capacity compared to 
other materials disclosed therein. Further, no other benefits of the 
Formula 4 materials are suggested, either with or without the inclusion 
of Co as a modifier component. Thus, there can be no doubt but that one 
of ordinary skill would avoid the use of Co in a metal-hydride battery 
system since Its inclusion so significantly reduces the charge capacity 
of the materials, without contributing any apparent benefits thereto. 
Additionally, the use of other modifier materials in the basic four 
component system of Formula 4 is never even considered either in light of 
charge capacity or any other operational parameter. Therefore, there is 
no indication of what, if any benefit would result therefrom, nor any 
reason for the use thereof suggested. 

It is important to note that while Hong discloses a rather 
lengthy "laundry list" of possible modifier materials, only two can truly 
be considered modifiers, Cu and Co since the addition of Hn is clearly 
taught in the materials of class four. Yet, no benefit is shown from Cu 
and Co modification. In fact, Hong teaches away from these modifiers 
since he only demonstrates capacity improvement, and Cu and Co as 
modifiers substantially reduce capacity. In addition. Hong is silent as 
to any intended functions of any components. Since the remaining 
modifier materials disclosed by Hong are neither employed in exemplary 
compounds, nor are discussed in light of their possible benefits, it can 
only be concluded that the teaching value of the Hong "laundry 11st" is 
minimal at best. This is because one of ordinary skill in the art would 
not know the possible advantages to be expected from using other ones of 
said modifier materials or indeed the benefits of employing several 
modifier materials together in one alloy. 
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D . RfcrK RRnilMH OF thf TMVFNTION; AB. TYPF HYDROGEN STORAGE 
ALLOYS. 

An alternative class of hydrogen storage alloys are the AB 5 
type hydrogen storage alloys. These alloys differ in chemistry, 
mlcrostructure, and electrochemistry from the AB^ and V-Ti-Zr-NI-Cr 
types of electrochemical hydrogen storage alloys. Rechargeable batteries 
utilizing AB type negative electrodes are described, for example, in 
(i) U.S. Patent 3,874,928 to Will for -Hermetically Sealed Secondary 
Battery With Lanthanum Nickel Electrode", (11) U.S. Patent 4.214,043 to 
Van Oeuketom for "Rechargeable Electrochemical Cell", (iii) U.S. Patent 
4,107,395 to van Ommering et al. for "Overchargeable Sealed Hetal 
Oxide/Lanthanum Nickel Hydride Battery." (iv) U. S. Patent 4.107.405 to 
Annick Percheron born Guegen et al for "Electrode Materials Based On 
Lanthanum and Nickel, and Electrochemical Uses of Such Materials." (v) 
U.S. Patent 4,112,199 to James D. Dunlop et al for "Lanthanum Nickel 
HydHde-Hydrogen/Hetal Oxide Cell," (vi) U. S. Patent 4.125.688 to 
Bonaterre for "Negative Electrodes for Electric Cells" which discloses Hg 
modified LaNi 5 negative electrodes, (vii) U.S. Patent 4,214.043 to von 
Dueketom for "Rechargeable Electrochemical Cell" which shows a LaNi r 
Ni cell (viiD U.S. Patent 4,216.274 to Bruning for "Battery With 
Hydrogen' Absorbing Material of the Formula LaH..." which a rechargeable 
cell with an AB 5 type negative electrode of the formula LaM 5 where M 
Is Co or Ni; (ix) U.S. Patent 4.487,817 to Willems et al. for 
"Electrochemical Cell Comprising Stable Hydride Forming Material" 
discloses an AB type material where A is chosen from mischmetal, Y. 
T1 Hf. Zr, Ca, Th. La. and the rare earth's, in which the total of Y. 
Ti! Hf. and Zr is less than 40* of the A component, and B is chosen from 
two or' more members of the group of Ni. Cu, Co, Fe, and Mn, and at least 
one member of the group Al, Cr. and Si. (x) U.S. Patent 4.605.603 to 
Kanda et al for "Hermetically Sealed Metallic Oxide- Hydrogen Battery 
Using Hydrogen Storage Alloy discloses an AB g type electrochemical 
hydrogen storage alloy having the formula HNl 5 _ (x+y) Mn x Al y , where M 
is chosen from the group consisting of lanthanum, lanthanides, and 
mischmetals, x and y are each between 0.0 and 1.0, and x + y is between 0.2 
and 1.0; (xi) U. S. Patent 4,621,034 to Kanda et al for "Sealed Metal 
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Oxide-Hydrogen Storage Cell" discloses a LaNi 5 cell where the Ni is 

partially substituted by Al and/or Mn, (xii) U.S. Patent 4,696,873 to 

Yagasaki et al for "Rechargeable Electrochemical Cell With A Negative 

Electrode Comprising A Hydrogen Absorbing Alloy Including Rare Earth 

Component" discloses AB type alloys of the Hischmetal-Ni-Hn-Al type, 

5 

(xiii) U. S. Patent 4,699,856 to Heuts et al for "Electrochemical Cell" 

discloses an AB type material where A is chosen from mischmetal, Y, 
5 

Ti, Hf, Zr, Ca, Th, La, and the rare earth's, in which the total of Y, 
Ti, Hf, and Zr is less than 40% of the A component, and B is chosen from 
two or more members of the group of Ni, Cu, Co, Fe, and Hn, and at least 
one member of the group Al, Cr, and Si, and including an activator from 
the group consisting of Ni, Pd, Pt, Ir, and Rh. 

It is clear from the above cited documents that the AB 5 type 
alloys are a distinct and specific class of materials- Extensive work on 
processing techniques and electrode and cell design demonstrate that the 

singularity of AB 5 technology, that is, that the AB 5 technology 
represents a separate field of inventive effort from the AB 2 and 
V-Ti-Zr-Ni-Cr classes of alloys. In particular, modifications of AB g 
type alloys must be viewed as practical only within the specific AB 5 
type structure. This is due to the unique metallurgical, 
electrochemical, and oxidation characteristics of the AB g class of 
alloys, especially regarding the use of lanthanum and other rare earth's 
for electrochemical applications. Even for the AB 5 alloys, the 
disclosure of the selection and role of modifiers generally, and even of 
specific modifiers for specific performance aspects, is vague and 
non-specific. 

E. BACKGROUND OF THE INVENTION: 
DEFICIENCIES OF THE PRIOR ART 

While the prior art hydrogen storage alloys frequently utilized 
various individual modifiers and combinations of modifiers to enhance 

properties, there was no clear teaching of the role of an individual 
modifier, or of the interaction of that modifier with other components of 

the alloy, or of the effects of the modifiers on properties. 
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For electrochemical applications, which are substantially 
different from thermal hydrogen storage applications, one must consider 
all performance attributes, such as cycle life, high rate discharge, 
discharge voltage, polarization, self discharge, low temperature 
capacity, and low temperature voltage. 

While it is desirable to have alloys with all of these 
characteristics, it may also be advantageous to emphasize specific 
properties for a given application. 

The prior art is also deficient in specifying the role of 
particular modifications, much less in how they work. Frequently with 
AB and AB type materials, there is a modifier, X, where X is the 
rest of the Periodic Chart. Certainly prior art references of this type 
teach away from specific roles and functions of materials, and provide no 
practical benefit. 

SUMMARY OF THE INVENTION 

According to the invention disclosed and claimed herein, it has 
been found that subtle changes 1n the local chemical and structural order 
of the Ti-v-Zr-Ni type hydrogen storage alloys. Including T1-V-Zr-Ni-Cr 
alloys, for example changes 1n composition within one or more phases 
occurring through the addition of modifiers, have significant effects on 
the macroscopic electrochemical properties of negative electrodes 
Incorporating these hydrogen storage alloys. According to the invention, 
the subtle Interactions of individual metallic substituents 1n the 
T1 _V-zr-Ni type structure (including the Ti-V-Zr-Ni-Cr type 
electrochemical hydrogen storage alloy materials) are engineered to 
maximize desirable electrochemical properties of the hydrogen storage 
alloy, while minimizing undesirable electrochemical properties thereof. 

According to the invention disclosed herein, subtle changes In 
stoichiometry are utilized to effect these macroscopic changes. For 
example, starting with the composition v 22 T V r i6 Ni 39 Cr 7' 
disclosed in the commonly assigned Venkatesan et al. patent, we have made 
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subtle modifications in the stoichiometry thereof, developing such 

materials as: ^ V 22 Ti 16 Zr 16 Ni 39 Cr 7^95 A1 5' 
< V 22 Ti 16 Zr 16 Mi 39 Cr 7>95 Mn 5' 
< V 22 Ti 16 Zr 16 Ni 39 Cr 7>95 H V 

< V 22 T > Zr 16^39 Cr 7 ) 95 CU 5' 
( V 22 Ti ^ 6 Zr., 6 Ni 3g Cr 7 ) g5 H 5 , 

(V 22 Ti 16 Zr 16 Ni 3g Cr 7 ) 95 Fe 5 , 

< V 22 Ti 16 Zr 16 Mi 39 Cr 7>95 C0 5' 
V 22 Ti 16 Zr 1 6 Ni 32 Cr 7 C0 7» 

V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 C °6.6 Mn 3.6 A1 2.7' 3nd 

V 22 T1 16 Zr 16 Ni 27.8 Cr 7 C0 5.9 Mn 3.1 A1 2.2' Where We haV6 bee " 

able to provide enhanced properties therein with respect to the same 

properties in v 2 2 Ti i6 Zr l6 Ni 39 Cr 7* 

Thus, according to our invention, it is possible to do one or 
more of increasing cycle life (number of charge-discharge cycles at 
constant drain rate with constant cell capacity), increasing the specific 
capacity (amp-hours per unit volume or per unit mass), increasing the 
mid-point voltage at various discharge rates, decreasing the polarization 
at various discharge rates, increasing the low temperature specific 
capacity, increasing the low temperature mid-point voltage, decreasing 
the low temperature polarization, or decreasing the the self discharge 
rate. 



While the above description characterizes the macroscopic 
improvements to the functioning electrode and cell, it is also possible 
to characterize the more precise function of the modified compositions. 
For example, an inventive alloy may have one or more of the following 
functions or attributes: 



1. An increase in the active surface area. 



2. An increased surface catalytic activity to provide one or 
more of: 

a. decreased metal oxidation, 

b. enhanced (L recombination. 
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3. A surface oxide or film which is: 

a. of controlled thickness, i.e., thicker or, 
preferably, thinner, 

b. of controlled conductivity, I.e. lower or, 
preferably, higher conductivity. 

4. Decreased corrosion of one or more elements of the alloy. 

5. Provide an oxide which allows, catalyzes, or enhances 
activation. 

6. Provide an oxide which precipitates species which: 

a. inhibit corrosion of other species; 

b. decrease oxygen evolution at the positive 
electrode by increasing the 0 2 overvoltage 

thereof; 

c. protect the Ni hydroxide electrode from other 
corrosion species or mechanisms which can promote 
oxygen evolution, and/or decrease charge 
efficiency, and/or lower cell capacity. 

7. Increase hydrogen storage capacity and/or hydrogen 
utilization. 

8. Modify intergranular phase composition, structure, or 
proportions. 

9. Improve bulk diffusion in the metal hydride, for example, 
by modification of phase composition, structure, or 

proportion. 

10. Lower the heat of formation of the M-H bond, thereby 
increasing the discharge voltage of the metal hydride 

electrode. 
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11. Improve bulk diffusion and/or catalysis in the metal 
hydride through modification of grain compositions, 
microstructure, or grain boundaries within the multiphase 
material . 



For example, each of the above identified modifications of 
VooTiic^cNi^Cr. has certain unique advantages with respect 

cc lb lb 39 7 

thereto. These include: 



1. ( V 22 Ti 16 Zr 16 N1 39 Cr 7 ) 95 A1 5* modified by the 
addition of a small amount of aluminum exhibits high 
specific capacity (342 mAh/g), higher midpoint voltage on 
discharge, decreased internal resistance in a sealed cell, 
and enhanced low temperature properties, i.e., low 
temperature capacity and low temperature mid-point voltage; 

2. ( V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) 95 Mn 5* modified by the 
addition of a small amount of manganese, exhibits enhanced 
discharge voltage, high specific capacity (355 mAh/g), 

improved cycle life, decreased IR loss in a sealed cell, 
decreased IR loss in a half cell, and enhanced low 

temperature properties, i.e., enhanced low temperature 

capacity and low temperature mid-point voltage; 



3 ' ( V^6 Zr l6 Mi 39 Cr 7 ) 95 ,l V modified by the 

addition of a small amount of molybdenum, exhibits 
decreased IR loss in a half cell, decreased IR loss in a 
sealed cell, and enhanced mid-point voltage; 



4. (VW^V'VgS^V modified by the 

addition of a small amount of copper, exhibits high 
specific capacity (333 mAh/g), improved cycle life, 
decreased IR loss in a sealed cell, and decreased IR loss 
in a half cell; 
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5 - < V 22 Ti 16 Zr i6 Ni 39 Cr 7 ) 95 W 5' * ^ 

addition of a small amount of tungsten, exhibits high 
specific capacity (320 mAh/g), enhanced mid-point voltage, 
decreased IR loss in a sealed cell, and enhanced low 
temperature capacity; 

6. (V 22 Ti 16 Zr 16 Ni 39 er 7 ) g5 Fe 5 , modified by the 
addition of a small amount of iron, exhibits high specific 
capacity (355 mAh/g), vastly enhanced cycle life, 
decreased half cell IR loss, enhanced raid-point voltage 
and low temperature properties, such as low temperature 
capacity and low temperature raid-point voltage; 

7. (V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) 95 Co 5 , modified by the 
addition of a small amount of cobalt, exhibits high 
specific capacity (349 mAh/g), improved cycle life, 
decreased half cell IR loss, decreased sealed cell IR 
loss, and enhanced low temperature mid-point voltage; 

8. V 22 Ti 16 Zr 16 Ni 32 Cr 7 Co 7 , which is similar to 

( V 22 Ti 16 Zr 16 Ni 39 Cr 7>95 C °5 • abDVB ' ^ 

clearly demonstrates the importance of the amount of 
modifier, what the modifier substitutes for, and the 
particular intent of the modification. This material 
exhibits high specific capacity (329 mAh/g), vastly 
improved cycle life, decreased half cell IR loss, and 
enhanced room temperature mid-point voltage and low 
temperature mid-point voltage; 

9 - V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 C °6.6 Mn 3.6 Al 2.7 

having superior cycle life (including flooded cycle life), 
enhanced mid-point voltage, enhanced low temperature 
capacity, enhanced low temperature voltage, decreased 
sealed cell IR loss, and decreased half cell IR loss. 



WO 91/08167 



FCIYUS90/06806 



24 

10. V 22 Ti 16 Zr 16 Ni 27 8 Cr 7 Co 5 g Hn 3 2 which 
exhibits high specific capacity, high midpoint voltage, 
high voltage at low temperatures, decreased sealed cell IR 
losses, and vastly improved cycle life. 

The negative electrode is formed of the modified, 
roulti component, multiphase, reversible electrochemical hydrogen storage 
alloy of the invention. This electrode is capable of reversibly 
electrochemical ly charging and discharging hydrogen in alkaline aqueous 
media. 

The compositional ly and structurally modified, high performance, 
electrochemical hydrogen storage negative electrode is incorporated into 

a sealed, rechargeable electrochemical cell, i.e., a secondary cell. The 
electrochemical cell includes a container, e.g. , a sealed container, 
containing positive and negative electrodes in an electrolyte and 
separated from one another by a separator. 

Typically the positive electrode is a nickel hydroxide 
electrode, and the separator may be non-woven nylon, e.g., with a 
thickness of about 0.0085 inches. The electrolyte is a concentrated 
aqueous alkaline electrolyte, e.g., containing at least about 30 percent 
K0H. 

THE FIGURES 

The present invention can be more completely understood by 
reference to the accompanying drawings in which: 

FIGURE 1 is a stylized cross-sectional side view of a flat 
electrochemical cell; 

FIGURE 2 is a cross-sectional side view of a jelly-roll 
electrochemical cell; 
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FIGURE 3 is plot of half cell cycle life, I.e.. capacity versus 
cycle number, for half cells having electrodes fabricated of 
v M T1 U Zr l6 M1 39 Cr 7 (control), and 

w 15 ! l\ cr Co Mn Al„ , (modified in 

V 20.6 Tl 15 Zr 15 Ni 30 Cr 6.6 Co 6.6 Mn 3.6 AI 2.7 1 

accordance with the invention) as described in Example VI. 

FIGURES 4-1 through 4-8 are plots of cycle life, I.e., capacity 
versus cycle number, for sealed cells. In FIGURE 4-2 through 4-8, the 
cells have modified electrodes, as described in Example VII. 

FIGURES 5-1 through 5-3 are plots of parts per million vanadium 
in the electrolyte versus time for a control electrode material and a 

modified electrode material. 

FIGURE 6a-6k are a series of graphs which plot ampere-hours 

capacity versus cycle number for electrochemical cells having an 

electrode fabricated of the improved hydrogen storage alloy material, as 
described in Example IV; and 

Figure 7a-7j are a series of scanning electron micrographs 
illustrating the presence or absence of a V-Cr phase in the improved 
hydrogen storage alloys of Example I-IV. 

nFTATI FD DESCRIPTIO N OF THE INVENTION 

In accordance with the present invention, there is provided a 
family of hydrogen storage alloys, derived from the V-Ti-Zr-Ni and 
V-Ti-Zr-Ni-Cr alloys of Sapru et al and Venkatesan et al, in which the V, 
Ti, Zr, Ni, and Cr are partially replaced, either Individually or as a 
group, by one or more elemental modifiers, and the alloy has the nominal 
composition: 

<Vy N1 y Ti 2-x Zr x Cr z ) a M 'b H "c M r M e V 

where x is between 0 and 1.5, y is between 0.6 and 3.5, z 1s between 0.00 
and 1.44, a designates that the V-Ni-Ti-Zr-Cr component as a group is 
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from 70 to 100 atomic percent of the all y, and b,c,d,e,..., are 
modifiers which may be individually or collectively up to 30 atomic 
percent of the total alloy, and M', M\ M 11i , and H lv are chosen from 
Al, Hn, Mo, Cu, W, Fe, Co, Si, Sn, In, and combinations thereof, as will 
be more fully described hereinbelow. It is, of course, to be understood, 
that the stoichiometric coefficients in the above nominal formula 
actually encompass a range of homogeneity, with the coefficient on the V, 
4-y, actually being within the range of 3.6-y to 4.4-y, as long as 
vanadium and nickel are both present in the composition, and with the 
coefficient on the Ti, 2-x, actually being within the range of 1.8-x to 
2.2-x, as long as titanium and zirconium are both present in the 
composition. Thus, the nominal composition may be represented by the 
formula: 

where x, y f z, a, b t c f d # e, M\ M\ M 111 , and H 1V are as defined 
above, x' 1s between 1.8 and 2.2, and y' is between 3.6 and 4.4. 

For simplicity sake, and for practical application, the 
modifiers are demonstrated with the composition 

V Ti Zr Ni Cr^ f which was specifically disclosed and 
22 16 16 39 7 

claimed in U.S. Patent 4,728,586 to Ventakesan et al., of record. This 
particular composition has shown excellent overall electrochemical 
properties. While the modifiers have been demonstrated to function on 

this composition as ( V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) 95 M 5' where M is 
one or more of Al, Co, Mn, Fe, W f Cu, Ho, Si, Sn, Zn and combinations 
thereof, it should also be understood that the modifier accentuates 
performance outside of this stoichiometry as demonstrated by; (1) 

V^T1„Zr, JH^CrXo., where Co was preferentially substituted 
22 16 15 31 6 7 

for Ni emphasize cycle life, and (2) 

V^Ti^Zr^Ni^Cr^Co.Fe- where Co + Fe were preferentially 
21 16 ID 31 o / o 

substituted in the alloy to emphasize cycle life. 

Further, while modifiers have been shown at a level of 5 to 13 
atomic percent, it is to be noted that the modifier may be used at an 
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effective level below five atomic percent, and as a group modifiers may 
be used up to thirty atomic percent, or even higher, of the alloy. It 
will be shown hereinbelow that the functionality of a modifier can be 
predicted, and the concentration of a particular modifier will result in 
the enhancement of a specific parameter. 

Consequently it should be understood that while modifiers are 
more simply written as: 

(V 22 T S6 Zr l6 Ni 39 Cr 7>aWd 1lM e V - 

the invention herein contemplated and described includes compositions 
having the more general formula: 

(v y'-y N1 y Ti x--x Zr x Cr z ) a H b M c H d i1 - 

It is, of course, to be understood that where specific 
compositions are given, other compositions with like properties and 
within the homogeneity range thereof are encompassed thereby. 

In a first preferred exemplification the principle modifier is 
Co. In a still further and particularly preferred exemplification, the 
alloy comprises the primary modifier, Co, which partially substitutes 
for Ni only, and partially substitutes for V-Ti-Zr-Ni-Cr, and other 
modifiers such as Al and Hn. One particularly preferred family of 
hydrogen storage alloys are the V-Ti-Zr-Ni-Cr-Co-Hn-Al class of alloys, 
exemplified by V 2Q 6 Ti 15 Zr 15 Ni 30 Cr 6 6 Co & 6 Mn 3 fi Al 2 7 

where the Co partially substitutes for Ni, and partially substitutes for 
V-Ti-Zr-Ni-Cr, and the Hn and Al both partially substitute for 
v_Ti-Zr-Ni-Cr as well. The above described modifications and 
substitutions result in other particularly preferred alloys and families 
of alloys, such as V-Ti-Zr-Ni-Cr-Co, and V-Ti-Zr-Ni-Cr-Fe, as well as 
V-Tl-Zr-Ni-Cr-Co-Mn-Al, V -Ti-Zr-N1-Cr-Co-Mn-Al-Fe, and 

v_Ti-Zr-Ni-Cr-Co-Fe. Moreover, it is to be understood that in the system 
V-T1-Zr-Ni-Cr-Co the Co may substitute for either v-Ti-Zr-Ni-Cr, or Ni, 
or both V-Ti-Zr-Ni-Cr and Ni. 
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In a second preferred exemplification the principle modifier is 
a combination of Fe and Co. In a still further and particularly 
preferred exemplification, the alloy comprises the primary modifiers, Fe 
and Co, which either partially substitute for Ni only, or partially 
substitute for V-Ti-Zr-Ni-Cr, and either alone or in combination with - 
other modifiers such as Al and/or Mn. One particularly preferred family 
of hydrogen storage alloys are the V-Ti -Zr-Ni -Cr-Co-Fe class of alloys, 

exemplified by V 2l Ti 15 Zr 15 Ni 31 Cr 6 Co 6 Fe 6- The above 

described modifications and substitutions result in other particularly 
preferred all oys and f ami 1 i es of all oys , such as V-Ti -Zr-Ni -Cr-Co , 
V-Ti -Zr-Ni -Co, V-Ti -Zr-Ni -Fe, V-Ti -Zr-Ni -Co-Fe, and V-Ti -Zr-Ni -Cr-Fe, as 
wel 1 as V-Ti-Zr-Ni-Cr-Co-Mn-Al , and V-Ti -Zr-Ni -Cr-Co-Hn-Al-Fe. 
Moreover, it is to be understood that in the system V-Ti-Zr-Ni-Cr-Co-Fe 
the Fe and Co may substitute for either V-Ti -Zr-Ni -Cr, or Ni, or both 
V-Ti -Zr-Ni -Cr and Ni. 

As is well known in the rechargeable battery art, the 
introduction of a new system, e.g., rechargeable batteries utilizing 
metal hydride negative electrodes, is promoted as the electrochemical 
properties thereof are enhanced. Thus, there is motivation to improve 
properties, such as, specific capacity, midpoint voltage, polarization, 
low temperature voltage and capacity, and, particularly, cycle life. 

There are many methods and design expedients commonly used in 
electrochemistry to enhance performance. These methods are relevant to 
most systems. For example, cell capacity is increased by better 
utilization of active material, special cell designs to incorporate more 
active material, and even sacrifice of other properties. Midpoint 
discharge voltage may be improved by better current collection, higher 
electrode surface area, special surface treatments, and optimized 
porosity and pore size. Some of the same methods described with respect 
to improving mid-point discharge voltage may also be used to improve low 
temperature behavior. The improvement of low temperature properties may 
also include modification of the electrolyte. Cycle life is a 
particularly important characteristic, and frequently cycle life problems 
are materials related. Specific improvements are generally specific for 
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and directed to a particular system. 

Researchers working in the field of nickel hydride negative 
electrodes in nickel- metal hydride cells have long sought to enhance the 
performance of these cells. There is extensive prior art showing: 

The use of foam substrates and/or pasted nickel hydroxide 

positive electrodes to increase capacity. 

Special metal hydride powder fabrication methods to 

increase surface area. 

Special metal hydride coatings of the powder and 

electrode, to improve cycle life. 

Special powder and electrode pretreatments to assist 

activation. 

Special separators to reduce self-discharge and improve 

cycle life. 

Negative electrode construction requiring binders to 

assist cycle life. 

While these techniques and expedients have shown improvements, 
it is clear that many of these methods, techniques and expedients are 
designed to compensate for shortcomings in the basic materials used as 
the metal hydride. At the very least, improvements in the basic 
electrode materials can be used in conjunction with these other methods, 
techniques, and expedients to improve performance. 

The invention described and claimed herein deals with improved 
electrochemical performance through basic improvement of the hydrogen 
storage alloys. The modified alloys described and claimed herein have 
one or more of the following features or attributes: 
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1. An increase in the active surfac area, 

2. An increased surface catalytic activity to provide one or 
more of: 

a. decreased metal oxidation, 

b. enhanced t) recombination. 

2 

3. A surface oxide or film which is: 

a. of controlled thickness, i.e., thicker or thinner, 

b. of controlled conductivity, i.e, higher or lower 
conductivity. 

4. Decreased corrosion of one or more elements of the alloy. 

5. An oxide which allows, catalyzes, or enhances activation. 

6. An oxide which precipitates species that: 

a. inhibit corrosion of other species; 

b. decrease oxygen evolution at the positive 

electrode by increasing the 0 overvoltage 

2 

thereof ; 

c. protect the Ni hydroxide electrode from other 
corrosion species or mechanisms which can promote 
oxygen evolution, and/or decrease charge 
efficiency, and/or lower cell capacity. 

7. An increased hydrogen storage capacity and/or hydrogen 
utilization. 

8. A modified intergranular phase composition, structure, or 
proportions. 

9. Improved bulk diffusion in the metal hydride, by, for 
example, modification of phase composition, structure, or 
proportion. 
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10. Reduced heat of formation of the H-H bond, thereby 
increasing the discharge voltage of the cell. 

11. improvement in one or more of bulk diffusion or catalysis 
in the metal hydride through modification of one or more 
of grain compositions, microstructure, or grain boundaries 
within the multiphase material. 

Some of the modifiers, such as Al, Hn, Cu, W, Fe, Co, and 
combinations of one or more of Co, Fe, Mn, and Al, improve 
electrochemical specific capacity. For the V 22 Ti 16 Zr H Ni 39 Cr 7 
alloy, the typical capacity is about 320 mllHampere hours per gram 
(mAh/g) of active material. The above mentioned modifiers raise the 
specific capacity to as high as 355 mAh/g. This is shown for Mn & Fe in 
Example 1 . 

Though not wishing to be bound by this or any specific theory, 
it is believed that higher specific capacity is obtained through improved 
catalysis. None of the modifiers is a hydride former under 
electrochemically useful conditions. In fact, by dilution, the hydride 
forming elements, V, Ti, and Zr, are actually reduced in concentration in 
the alloy. It is therefore believed that instead of actually storing 
more hydrogen, the modifiers increase the utilization of available 
hydrogen. This may be due to Improved hydrogen bulk diffusion through 
the alloy or through grain boundaries, higher surface area, elimination 
of deleterious phases or surface conditions allowing more complete 
charge, and/or discharge. Even though testing is done at low charge and 
discharge rates, the improvement in specific capacity may be related to 
improved rate capability. The modifier's function may be weakening the 
H-h bond within particular phases, providing less distinct grain 
boundaries, metallurgical^ providing higher surface area, and/or 
electrochemically providing a surface with more porosity, higher 
conductivity, and/or more catalytic activity. Moreover, by raising the 
discharge voltage, the capacity may be enhanced since capacity is 
measured to a specific cutoff voltage. 
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Some of the modifiers improve discharge rate capability, 
improving one or more of: higher midpoint voltage on discharge, decreased 
polarization during flooded half-cell testing, or lower internal 
resistance when tested in a sealed cell. Appropriate modifiers for this 
purpose are Al, Hn, Mo f Cu f W, Fe t Co, the combination of Co-Mn-Al, and 
particularly the combination of Fe and Co. Magnitudes of improvement 
range from a 50 mV to 100 mV increase in midpoint voltage at a 2 amp 
discharge rate for a C size cell, a 40 percent decrease in half cell 
polarization, and a 28 percent reduction in sealed cell internal 
resistance. It should be noted that internal resistance denotes voltage 
drop with changing current, V/I, and not impedance, which is more a 
measure of current collection. 

Though not wishing to be bound by this theory, there are several 
explanations for the improvement in discharge rate capability. As 
discussed previously, there are commonly known methods, techniques and 
expedients to improve rate capability beyond alloy modification. These 
may involve the attainment of very small particle size by grinding, i.e., 
to provide increased surface area, electrode pretreatment f i.e., to 
provide the electrode surface oxide with enhanced porosity, and electrode 
and powder coatings to provide a conductive, oxidation resistant coating. 

Improvements in discharge rate through alloy modification avoids 
these elaborate, costly, and time consuming methods, and provides 
significant and practically achieved improvement. First, discharge 

voltage may be increased through changes to the metal -hydrogen bond or 
metal hydride heat of formation. The modifier elements (Al, Mn, Ho, Cu, 
W, Fe, Co, and combinations thereof) are not to be considered as "mixed 
in," but present in the particular alloy phases. For example in the 

composition V 22 Ti 16 Zr 16 Ni 35 Cr 7* there is a phase which is 
identified as predominantly V-Cr. This phase is undesirable since large 
amounts of the hydrogen storing element, vanadium, are "bound up" with 
low concentrations of catalyst and therefore are essentially unavailable 
for storing hydrogen. Additionally, the hydrogen present in this phase, 
since it is basically inactive, is more prone to damage by oxidation and 
c rrosion. The instant inventors have found that by adding modifiers 
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such as Fe, Co, and Fe-Co combinations to the basic Ti-V-Zr-M-Cr 
material 1t 1s possible to substantially eliminate the V-Cr phase, and 
according to thermodynamic principles, the voltage is higher. 

A second route for improved discharge rate capability relates to 
bulk diffusion of hydrogen within the alloy. In one model for how these 
multiphase materials work, the argument is made for -storage" and 
-catalyst" phases. Essentially, the model considers that certain alloy 
phases store large quantities of hydrogen, but as individual phases may 
have very low discharge rate capability. Rather, in the multiphase 
alloy, this phase 1s in intimate contact with other phases, which also 
store hydrogen, but have much higher rate capability. One aspect of the 
invention described herein is the modification of intra-phase grain 
boundaries. As viewed from a scanning electron microscope, the grain 
boundaries of the modified hydrogen storage materials of the invention 
are -less distinct", i.e., more diffuse then the grain boundaries of the 
V-Ti-Zr-Ni-Cr alloy described in Venkatesan et al. It is believed that 
these grain boundaries may provide rapid diffusion of hydrogen from 
storage phases to catalyst phases, where the hydrogen reacts with 
hydroxy! ions for discharge. 

A third route to improved discharge rate capability relates to 
active surface area. It is possible through alloy modifications to 
substantially increase or decrease the amount of "cracking- of the metal. 
During charge/ discharge cycling the metal hydride material expands and 
contracts as hydrogen is stored and released. This can provide a 
volumetric expansion of the hydrogen storage alloy of up to 20 percent. 
Metallurgical^, some metallic alloys can not handle the stress of this 
massive expansion, and form cracks. For some applications, this 1s a 
problem as the structural integrity of the electrode may be inadequate. 
However, with proper cell design, structural integrity can be 
compensated, while preserving the high surface area that is advantageous 
for high rate discharge. High surface area resulting from alloy 
modification 1s a vast improvement over high surface area attained by 
other methods, such as very fine powder grinding, as it avoids the 
elaborate processing steps associated therewith and provides -in situ 
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created surface area," i.e., surface area formed Inside the cell. This 
type of surface area, which is associated with the modifiers described 
and claimed herein is desirable as it avoids oxidation due to atmospheric 
exposure during fabrication, which can lead to difficult activation (high 
pressure, low capacity, low rate capability, and expensive electrical 
formation procedures) and corrosion products in the cell. The modifiers 
may be acting as embrittlement agents by decreasing the metallurgical 
ductility of the host alloy. As part of the invention, it has been noted 
that some modified alloys are harder then the host 
V 22 Ti 16 Zr l6 Mi 39 Cr 7* supporting the proposition that ductility 
is probably decreased, since usually hardness and ductility are inversely 
proportional . 

A fourth possible route to improved high rate discharge through 
alloy modifications relates to surface oxidation properties. As 

previously noted hereinabove, researchers have attempted to provide 
coatings to powder or electrodes in order to prevent or minimize 

oxidation in the highly alkaline electrolyte. It should be noted that 
the metal hydroxide/electrolyte interface is the reaction site during 

cell charge and discharge. Thus, the surface oxide must allow hydrogen 
to react with hydroxyl ions. Consequently, the oxide thickness, 
porosity, conductivity, and presence of catalyst are all important. The 
modifier elements may assist one or more of these features, although in 
this case individual modifier elements do not all function identically. 
Aluminum, for example, would be expected to oxidize and "leach out" from 
the surface, probably assisting in providing porosity to the oxide, 
perhaps viewed as roughness quality. Similarly, Fe would normally be 
expected to oxidize, and "poison" the metal-hydride system. On the other 
hand, Mn, Ho, Cu, W, and Co might be reducing oxide thickness, and 
providing a more conductive and/or catalytic component to the surface, 
and, while their oxides can in some cases corrode, probably function less 
in providing surface porosity then does aluminum. 

Improved discharge rate through alloy modification may also 
involve lowering activation polarization of the metal hydride electrode. 
It is believed that the presence of Mn, Mo, Cu, W, Fe, Co, Co-Fe 
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combinations, and Co-Hn-Al combinations at the metal-electrolyte 
interface lower the voltage drop across the electrochemical double 
layer. This may occur by lowering the energy barrier of the 
charge-transfer step, essentially lowering the overvoltage of the charge 
transfer step. By catalysing the hydrogen/hydroxyl reaction, the 
activation of adsorbed surface species is easier. For example, oxides of 
Co may be promoting the reduction of species like hydroxyl ion. 

Another important route to improved discharge rate capability 
relates to improved metal hydride electrode activation, especially in a 
sealed cell. Improved degree of activation raises the distinction 
between an "as fabricated" metal hydride electrode and an "activated- 
metal hydride electrode, especially as related to surface area and 
surface oxide. For example, the surface area of an "activated" metal 
hydride electrode might increase by two or even three orders of magnitude 
during cycling as compared to an "as fabricated" metal hydride electrode, 
while "as fabricated" surface oxides may be inappropriate for charge 
acceptance or discharge. Surface area increase in a sealed cell is 
especially difficult, primarily because sealed cells use excess metal 
hydride capacity for overcharge/discharge reactions, essentially 
under-utilizing the metal hydride electrode, i.e., lowering the metal 
hydride depth of discharge. 

Improved activation using modified alloys may relate to easily 
overcoming initial surface oxides (as in the case of Al), but also by 
quick and easy "desired surface area attainment" during initial cycling, 
especially in the sealed cell for a metal hydride electrode with a low 
depth of discharge. It is believed that Al, Mn, Ho, Cu, W, Fe, Co, Co-Fe 
combinations, and combinations of Co, Mn, and Al all may function in this 
manner. 

Another function of alloy modification is enhancement of low 
temperature capability, either by increasing capacity or by increasing 
discharge voltage. Inherent low temperature limitations in 
electrochemical applications are conroonly known. The most common 
explanation for poor low temperature performance relates to the reaction: 
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HH + OH" = M + H 2 0 + e 
where water is formed at the metal hydride surface, causing polarization 
and lowered capacity. This explanation is certainly valid to some degree, 
and is perhaps dominant based on polarization studies showing heavy - 
concentration dependence. Other contributing factors may relate to 
thermodynamic and activation polarization components. Thermodynamic 
contributions can be understood by referring to the "PCT Behavior" or 
equilibrium hydrogen pressure measurements as a function of hydrogen 
content at a given temperature. In these measurements, lowering the test 
temperature from +25° to -20° Celsius substantially lowers the 
equilibrium hydrogen pressure. This will be seen as a voltage drop in 
the cell of perhaps 100 mV, or more. Activation polarization at low 
temperatures is perhaps not a large contributing factor, but nevertheless 
the catalytic properties of the metal hydride surface may have some 
temperature dependence. 

Improvement in low temperature capability through alloy 
modification by the addition of Al, Hn f W, Fe, Co, and particularly 
combinations of Co, Hn, and Al, may function by one or more of: 

— A decrease in concentration polarization due to water 
generation by increased surface area. 

— A decrease in activation polarization by less temperature 
sensitivity of catalysis at reduced temperatures. 

— Less thermodynamic temperature sensitivity by alteration 
of the H-H bond with particular phases and the alloy as a 
whole. 

It is well known in electrochemistry that concentration 
polarization problems indicate mass transfer limitations of the reactants 

or products. Traditionally, methods of correction involve increasing the 
concentration of a critical species, or increasing pathways at an 

electrode. Stated simply, this means increasing porosity, pore size, 
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.„H/„r surface area. All of these methods will have a beneficial effect 
d sl Te,"e "ut freouentl, are impractical for ^^ZZ 
characteristics such as ene W density, cycle life. etc. The m«* d 
a„. y Edification does not h.»e these I11t.t1.ns 
„ct. the dramatic Improvement for so* alloys, as descnbed . » 
E xa*>,.s. was accomplished with standard concentrations 
of electrolyte, and with standard electrode porosity and Initial powder 
sue. Thesf facts give support to the Idea that the factors described 
above are critical and can be Influenced. 

Alloy .edification Improvements are believed to address all 
three factors. namely concentration polarization. activation 
polarization, and thermic properties. Essentially, concent at1 n 
problems involve the amount of water ,ener.ted. which 1s c^ eta y 
dependent on the discharge rate. However, the -water thickness- can e 
drastically affected by the a»unt of surface area provided over -ha 
area the water 1s gener- ated. Of curse. 1t 1s ,1s. important that pore 
size and porosity be sufficient to allow fast diffusion. Like high rate 
d1slr,e. surface area Increase due to metaHurglc.l .edification of the 
alloy by Al. Hn. N f Fe. Co. and particularly by Fe-Co combinations and 
C. V Al combinations, would be expected to assist low temperature 
performance. This. 1n fact. 1s correct, but the effects do not correlate 
completely. This supports the contention that other factors related t. 
alloy modification, such as thenm.dsn.am1c or activation polarization 
phenomena, contribute to the overall effect. 

Cycle life 1s a particularly Important parameter for a nickel 
hydride secondary battery. Cycle 11.. 1s defined as «* 
charge/dlscharg. cycles that a battery can be subjected to under a , 
set .f conditions to a defined cutoff point. The cutoff point is us ally 
, desired capacity expressed as a stated percentage of original capacity. 

Aany parameters relating to the metal hydride electro*, can 
influence overall cycle life 1n a s.aled cell with a »1 hydroxide 
positive electrode. For mmU. It is Important that 
. eclde maintain mechanical Integrity upon repeated charge/discharge 
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cycling* This 1s Important because, as noted above, alloy modification 
frequently provides higher surface area through a "cracking" phenomena, 
and the "cracking" might be expected to compromise structural integrity. 

Another important parameter is generally referred to as 
"oxidation." Generally, oxidation can adversely affect cycle life in 
many ways. Build-up of oxide at the metal hydride electrode can reduce 
charging efficiency; raising internal pressure levels possibly to the 

degree of vent release, resulting in a loss of electrolyte, and thereby 
in an impaired state of electrode charge. Oxidation also causes lowered 

electrode capacity by effectively insulating portions of powder in the 
electrode, thus rendering that powder electrochemical ly inactive. 
Oxidation can also affect charge balance in the cell. Formation of metal 
oxides from water or hydroxyl ion can decrease electrolyte amount, 
liberate hydrogen gas, or decrease electrolyte concentration. Buildup of 
surface oxide substantially increases the polarization of the metal 
hydride electrode, causing an undesirable decrease in voltage on 
discharge, and an increase in charging voltage. Some of the metal oxides 
which form upon reaction with the electrolyte or during oxygen 
recombination are soluble or can form precipitates. This is 
undesirable. Vanadium, for example, has been proven to be easily 
soluble, and able to form redox shuttle mechanisms, thereby increasing 
self discharge. 

The prior art is silent as to other oxidation related problems 
as well, for example, oxidation problems related to the detrimental 

effects on the positive electrode and on overall cell operation. Oxides 
of titanium and zirconium have also been observed to Impair cell 

operation. With very low solubility, it would be expected that Ti0 2 
and Zr0 2 or derivatives thereof would simply buildup at the metal 
hydride surface. Though undesirable for the reasons states above, the 
less obvious fact has been the observance of Ti0 2 and ZrO^ at the 
nickel hydroxide positive electrode and the separator. 

Though not wishing to be bound by this theory, it is believed 
that these oxides have been precipitated, possibly causing two problems. 
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The first problem is that the oxides have a high surface area. It is 
believed that these high surface area oxides at the negative and positive 
electrodes and at the separator retain electrolyte by capillary action. 
For a sealed cell, this is undesirable since, by definition, there is a 
finite electrolyte supply, and, ultimately, electrolyte redistribution 
is a dominant failure mode. Normally, electrolyte redistribution occurs 
through inevitable expansion of both electrodes. By having a side 
reaction which can steal electrolyte, the problem 1s accelerated. The 
second is that the nickel hydroxide positive electrode dramatically loses 
charging efficiency upon extended charge/discharge cycling. It 1s 
believed that T10 2 and ZrC> 2 precipitates, which are not only at the 
outer electrode surface, but have been found deep in the nickel hydroxide 
electrode Interior, are promoting premature oxygen evolution. This 
effectively reduces cell capacity. It 1s believed that T10 2 and Zr0 2 
catalyze the oxygen evolution ostensibly by lowering the oxygen 
overvoltage on charge. 

Alloy modification of the V 2 2 Ti 16 Zr 16 Ni 39 Cr 7 type 
alloy has substantially improved cycle life of sealed cells incorporating 
the modified alloys as compared to sealed cells with unmodified 
V Ti Zr Ni Cr type alloy negative electrodes. While even 
the standard V-Ti-Zr-N1-Cr material has demonstrated acceptable cycle 
life, by alloy modification the cycle life has been extended, while 
maintaining good charging efficiency. This has been verified under 
aggressive test conditions of 100% depth of discharge. 

Before discussing the very important Improvements of alloy 
modification related to oxidation, 1t should be noted that mechanical 
stability of the metal hydride electrode has also been improved. This 
result is surprising since alloy modification has improved activation, 
high rate discharge, and low temperature performance, at least in part 
due to higher attained surface area. Yet inspection of highly cycled 
cells and half cell negative electrodes with modified alloy has shown 
improved mechanical integrity. In flooded half-cell testing, which 
emphasizes mechanical integrity over oxidation resistance due to the high 
depth of discharge, lack of physical restraint, and no oxygen 
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recombination, 1t is conmon to observe material "falling off of the 
substrate" during cycling. In this regard the alloy 

V Ti Zr Ni Cr Co Mn Al has shown better 

20.6 15 15 30 6.6 6.6 3.6 2.7 

particle to particle bonding and better adherence to the substrate than 

the standard V 22 Ti 16 Zr 16 Ni 39 Cr 7 type Mter1al of the prior 
art. In sealed cell testing the cobalt modified alloy, 

V 22 T1 !6 Zr l6 N1 32 Cr 7 C V haS been 1ns P ected after 500 cycles 
and found to have remarkable integrity, i.e., substantially better then 
the prior art V 22 Ti 16 Zr 16 Ni 39 Cr V 0ther al1oy compositions 
having good cycle life, for example, those alloys modified by Mn, Cu, 
Fe, Co, Fe-Co combinations, and other Co-Mn-Al combinations, may also be 
functioning through improved structural integrity. 



Though not wishing to be bound by this theory, it is believed 
that the alloy modifies may be quick achieving a steady state high 
surface area. That is, the alloy may be brittle enough that during 
initial cycling large amounts of new surfaces are formed but the new 
surface area quickly reaches a limiting value upon extended cycling. 
From metallurgical considerations, it is possible this relates to a more 
optimized stress-strain relationship, or toughness providing the 
electrochemical ly desirable properties of: 

— High surface area formed in situ. 

— Fast activation (surfaces formed quickly). 

— Reduced formation of new surfaces area during extended 
cycling thereafter. 

The alloy modifications are also considered to address oxidation 
and corrosion of the metal hydride alloy during cycling. One measure of 
the improvement is improved corrosion resistance for the Co modified 

alloy. V 20 .6 Ti 15 Zr i5 Ni 30 Cr 6.6 C °6.6 Hn 3.6 A1 2.7- " C ° mpared 

to the unmodified alloy, V 22 Ti 16 Zr 16 Ni 39 Cr V This * s 
illustrated with particularity in the Examples below. 
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Many of the modifiers exhibit particularly Improved charging 
efficiency compared to unmodified alloys. More specifically, Mn and Cu 
show Improved charging efficiency. Fe, and Co-Mn-Al combinations, and 
most particularly Co, and Fe-Co combinations show even greater 
Improvements in charging efficiency. This is shown and described in 
Examples hereinbelow. 

Though not wishing to be bound by this theory, the modifications 
appear to be improving cycle life by improved oxidation resistance. For 
example, while cobalt does oxidize and 1s soluble, the cobalt oxide may 
be Inhibiting further oxidation of the other elements. Another aspect of 
the invention is improved oxygen recombination. Previously, it was 
observed that oxygen gas generated at the nickel hydroxide positive 
electrode recomblned at the surface of the metal hydride electrode. 
Oxygen recombination is ar especially aggressive oxidizer of its 
environment, even compared to the alkaline electrolyte. It is possible 
that the modifier elements, Fe, Co-Mn-Al, and particularly Co and Fe-Co 
combinations, act to catalyze the oxygen reduction, thereby avoiding or 
reducing the oxidation of the surrounding elements in the metal hydride 
alloy. It is believed that this function of the modified alloy reduces 
or even eliminates the formation and build-up of detrimental surface 
oxide, thereby providing a thinner and more stable surface. 

Another aspect of the Improved oxidation resistance by alloy 
modification again relates to improved corrosion resistance. It was 
previously discussed hereinabove that T1C« 2 and Zr0 2 can affect nickel 
hydroxide oxygen evolution and that oxides of vanadium are quite soluble, 
providing excessive self discharge. The modified alloys eliminate these 
problems in at least two ways. Again, while not wishing to be bound by 
this theory, it is believed that levels of T10 2 , ZrCy and V 2 0 5 
are significantly reduced by simply inhibiting their formation at the 
metal hydride surface, thereby preventing corrosion and migration of the 
species. Second, and quite surprisingly, we have observed that modifiers 
are precipitated at the Ni hydroxide positive electrode. The surprising 
aspect f finding modifiers precipitated at the Ni electrode 1s the fact 
that the modifiers function by inhibiting oxidation and corrosion. Yet, 
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the oxidation/corrosion inhibiting specified, i.e., c bait, is f und 
precipitated at the nickel electrode as cobalt oxide. 

This finding suggests still other aspects of the 

oxidation-corrosion benefits of the modified alloys of the invention 

disclosed herein. First, it is possible that the modifier dissolves from 

the negative electrode in one oxidation state and precipitates at the 

+2 

positive electrode in another oxidation state. For example, Co is 
readily soluble while Co +3 readily precipitates. It is possible the 
cobalt precipitate inhibits the reduced levels of TiO^ Zrt^, and 

V 2°5 from the nickel hydroxide surface, thereby avoiding 

their poisoning effect of promoting premature oxygen evolution. Second, 

it is possible the detrimental T10 , and ZrO reduction in oxygen 

2 2 

overvoltage is compensated or eliminated by the presence of modifier 
oxides, particularly cobalt oxide. Cobalt is commonly an additive to the 

nickel hydroxide electrode as cobalt hydroxide, to improve oxygen 
evolution, activation, and capacity utilization. It is possible that 
cobalt oxide added to the positive electrode by precipitation from the 
negative electrode is a different, and particularly successful method of 
increasing overvoltage, thereby postponing oxygen evolution and providing 
good charging efficiency, capacity, and cycle life. 

The electrode materials of the invention are a complex 
multiphase polycrystalline structure of the active electrode materials. 
I.e., more complex than those described in the aforementioned United 
States Patent 4,728,586 of Srini Venkatesan, Benjamin Reichman, and 
Michael A. Fetcenko for ENHANCED CHARGE RETENTION ELECTROCHEMICAL 
HYDROGEN STORAGE ALLOYS AND AN ENHANCED CHARGE RETENTION ELECTROCHEMICAL 
CELL, the disclosure of which was Incorporated herein by reference. The 
materials of Venkatesan et al . include a grain phase which is an 
Intermetalllc compound of vanadium, titanium, zirconium, and nickel, with 
dissolved chromium. The grain phase reverslbly stores hydrogen and also 
has suitable catalytic activity to promote rapid hydrogen oxidation. The 
composition of this grain phase is about 19: 16: 19: 42: 4 as an atomic 
ratio of vanadium : titanium : zirconium : nickel : chromium. 
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Between the grain phases of the polycrystalUne structure of 
Venkatesan et al is a primary intergranular phase which is a solid 
solution of vanadium, chromium, titanium, and nickel. The composition of 
this intergranular phase is about 65: 27: 3: 5 as an atomic ratio of 
vanadium : chromium : titanium : nickel. This intergranular phase is 
believed to be a hydrogen storing phase, with limited catalytic activity 
for hydrogen oxidation. 

Several other phases may be present along with the above 
mentioned two dominant phases. These phases are dependent on the 
fabrication conditions of the alloy and electrode. Although not wishing 
to be bound by theory, it is not believed that the degree of these 
alternate phases play a critical role in the enhanced properties of the 
compositional ly and microstructurally modified electrodes of the 
invention. 

The phase compositions identified above are for one particular 
composition, which is disclosed to be a preferred composition of 
venkatesan et al. It should be understood that the specific phase 
compositions for the entire family of 

< T1 .33-x Zr x V .67-y"Vl-z Cr z 4 h A 

where x, y, and z have been previously specified, are variable and 

dependent on the Individual composition. The value of z is such as to 
allow the Cr to be up to 20 atomic percent of the alloy. 

Venkatesan et al discloses that with chromium as a modifier to 
the V-TI-Zr-NI family, the chromium should be present in the primary 
grain phase on the order of from about 0 to 10 atomic percent, and 
preferably about 4 atomic percent. Venkatesan et al further discloses 
that the chromium should be present in the primary intergranular phase on 
the order of 0 to 35 atomic percent and preferably about 27 atomic 
percent. Alloys as described by Venkatesan et al are particularly 
susceptible to further Improvements in charge retention by the provision 
of a highly concentrated electrolyte as described herein. 
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Some of the compositional ly and microstructurally modified 
electrode materials of the instant invention have the following 
characteristics: 



(V 22 T1 l6 Zr l6 Ni 39 Cr 7 ) g5 W 5 , modified by the 

addition of a small amount of tungsten, exhibits at least 
five phases, having the following atomic ratios for the 

respective Zr:Ti:Ni:V:W; V:Ti :Zr:Ni :Cr:W; Ti :Zr:Ni :V:W; 
and V:Cr;Ti:Zr:N1:W phases with the compositions 
89.5:5,9:1 .l:2.8:Tr; 21.9:17.2:17-8:41 .9:0.9:0.3; 

30.9:15.4:3.8:49.8:Tr:0.6; and 79.1 : 5.9:4.1 :1 .8:2.2; also 

" reSent iS 3 V 64.6 Ti 2.8 Zr 4.3 Ni 3.9 Cr 4.3 W 20.2 

phase; the addition of a small amount of tungsten modifier 
results in the properties described above, and W going 
preferentially inth the "V-Cr" phase. 



V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 Co 6.6 Mn 3.6 A1 2.7- 

This alloy has at least four phases, with the SEH/EDS 
compositions: Zr:Ti :Ni :V:Co:Mn:Al ; 

V:Ti :Zr:Ni :Cr:Co:Hn:Al ; Ti :Zr:N1 :V:Co:Mn:Al ; and 

V:Cr:Ti:Zr:Ni:Co:Mn:Al; phases with the compositions 
92.3:1.3:5.4:0.7:0.3; 19.6:14.8:17.0:28.7:6.8:8.0:4.0:1.2; 
32.3:42.5:7.2:6.2:1.0:6.3:1.5:3.2; and 
58.4:26.4:3.3:1 .3:3.0:3.8:0.0 phases; 



It is interesting to note that the instant inventors have found 
that the presence of Cr in the modified alloys taught herein may in fact 
deleteriously effect electrochemical performance parameter such as cycle 
life. This is believed to result from the fact that Cr promotes the 
precipitation of the V-Cr phase during solidifications. Modification of 
the alloy with Fe, Co, Co-Hn-Al, and Fe-Co tends to impede the formation 
of this phase. Decreasing or eliminating Cr in the alloy mix also 
reduces the formation of the V-Cr phase, allowing a more uniform, 
homogenous mixture of materials in the hydrogen storage alloy, resulting 
in better hydrogen storage properties. Of course, the absence of Cr in 
the alloy may result in decreased resistance to self discharge. It is 
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important to note, however, that the best overall performing alloy 
identified by the inventors to date is of the Ti-Ni-V-Zr-Cr family 
including a synergistic combination of Co and Fe as the modifier. 

It has previously been noted that heretofore it was widely 
believed that the inclusion of Fe in metal -hydride hydrogen storage alloy 
materials would deleteriously effect electrochemical performance. This 
belief was due to the knowledge that Fe readily oxidizes and corrodes, 
particularly in the presence of an alkaline electrolyte. Oxidation, as 
discussed, reduces the performance of M-H electrode in many ways, and 
oxides of iron were know in the prior art to adversely affect the nickel 
hydroxide positive electrode, particularly with respect to charging 
efficiency and thus capacity and cycle life. 

Consequently, it is particularly noteworthy and advantageous 
that Fe modification and Fe-Co modification of the base alloy, with and 
without the presence of Cr, performs so well in cycle life and discharge 
rate behavior. 

Besides technical performance, alloy modification offers 
tremendous cost and advantages, up to 30*. One of the dominant factors 
affecting base alloy cost is vanadium. In commonly assigned, copending 
patent application No. 383,693, the disclosure of which is incorporated 
herein by reference, vanadium in the form V-N1 offers significant cost 
advantages over pure vanadium in cost. This argument is carried even 
further if V-Fe can be used. 

As will be demonstrated in detail in the Examples hereinbelow, 
there is a noteworthy and unexpected synergistic effect between cobalt 
and iron. Generally, the contribution of cobalt is to enhanced cycle 
life tfth minimal effect on rate capability. Iron, on the other hand, 
while showing improved cycle life over the base alloy, is not as 
effective as cobalt. Iron, did however, show improved discharge rate 
capability. Thus, the observations that the Fe-Co combination is better 
in cycle life than cobalt alone and better in discharge rate capability 
then Fe above, and allows the significant material cost reduction 
indicates significant practicality. 
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The active negative electrodes of the invention disclosed herein 
can be utilized in many types of cells having a metal hydride, hydrogen 
storage negative electrode and batteries. Referring now to Figures 1 and 
2, various electrochemical cell embodiments utilizing the negative 
electrode of the invention are set forth. In Figure 1, a flat cell 10 is 
illustrated that includes a substantially flat plate negative electrode 
12 in accordance with the invention. Electrode 12 includes a current 
collector 14 that is in electrical contact with the active material of 
electrode 12 and a tab 16. Collector 14 and tab 16 may be made of 
suitably conductive metals such as nickel. Flat cell 10 includes a 
positive electrode or counter electrode 18 which is substantially flat 
and aligned to be in operative contact with negative electrode 12. A 
separator 20 is disposed between counter electrode 18 and negative 
electrode 12. 

A second negative electrode 22 may be spaced in operative 
contact with the counter electrode 18 on the side of counter electrode 18 

opposite negative electrode 12. Negative electrode 22 is similar to 
electrode 12 and includes a current collector 24 which is in electrical 
contact with the active material of electrode 22 and tab 26. A second 
separator 28 is disposed between negative electrode 22 and the counter 
electrode 18. 

Cell 10 depicted in Figure 1 may be sealed in a suitable 
material, such as a plastic container 30, which does not deteriorate in 
contact with the electrolyte used and allows venting of cell 10 should it 
gas beyond a predetermined limit during operation. A 30 weight percent 
aqueous solution of potassium hydroxide is a preferred electrolyte. 
First and second tabs 16 and 35, 26 are electrically connected to a first 
set of leads 32 that extends outside of the cell plastic 30. Likewise, a 
second lead 34 electrically connects to counter electrode 18 and extends 
outside of plastic container 30. 

Figure 2 illustrates a commercially preferred jelly-roll cell 36 
that is made by spirally winding a flat cell about an axis 38. 
Jelly-roll cell 36 includes an electrical contact tab 40, a negative 
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electrode 42, separator 44 and a positive electrode 46. Jelly-roll cell 
36 may be placed in a can or other suitable container (not shown) that 
contacts tab 40 connected to negative electrode 42. Separator 44 is 
positioned between the negative electrode 42 and the positive electrode 
46. 

The following examples are illustrative of the method of the 
invention. 

EXAMPLES 
Example I 

A series of V-Ti-2r-Ni-Cr-H , -M"-H ,,, -M" n electrochemical hydrogen 
storage alloys were cast, and fabricated into negative electrodes for 
testing in sealed, alkaline cells. 

Alloys having the compositions shown in Table 1-1 were prepared 
by weighing and mixing powders of the individual metals into a graphite 
crucible. The crucible and its contents were placed in a vacuum 
furnace. The furnace was taken down to a vacuum, and then pressurized 
with an inert gas. The crucible contents were then melted by high 
frequency induction melting while under the inert gas atmosphere. The 
melting was carried out at a temperature of about 1500° C for a long 
enough time to obtain a uniform melt. The melt was then solidified to 
obtain an ingot of hydrogen storage alloy. 

The ingot of hydrogen storage alloy was then reduced in size. 
This was a multi-step process. The first step was a hydride/dehydride 
process, substantially as described in the commonly assigned, U.S. Patent 
4,893,756, filed September 22, 1988 of Michael A. Fetcenko, Thomas Kaatz, 
Steven P. Sumner, and Joseph A. LaRocca, for HYDRIDE REACTOR APPARATUS 
FOR HYDROGEN COMMINUTION OF METAL HYDRIDE HYDROGEN STORAGE ALLOY 
MATERIAL, the disclosure of which is incorporated herein by reference. 
In this first step the hydrogen storage alloy ingot was reduced in size 
to -100 mesh. 
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TABLE 1-1 
COMPOSITION 

1. (V22Ti!6ZH6Ni39Cr7)95Al5 

2. (V22Til6Zrl6Ni39Cr7)95Hn5 

3. (V22Til6Zrl6Ni39Cr7)95Cu5 

4. (V22Til6Zrl6Ni39Cr7)95W5 

5. (V22Til6Zrl6Ni39Cr7)95Fe5 

6. (V22Til6Zrl6Ni39Cr7)95Co5 

7. V22Til6Zrl6Nl39Cr7 
(Control) 

8. V22T1l6Zrl6Nl32Cr7Co7 

9 . V20 . 6Ti 1 5Zrl 5N1 30Cr6 . 6Co6 . 6Mn3 . 6A1 2 . 7 

10. V22Til6Zrl6Ni27.8Cr7C05.9Hn3.1Al2.2 

11. V22TH6Zrl6Ni26Cr7C0l5 

12. Vl9T1l4Zrl4Nl34Cr20 

13. VI 9 . 6T11 5Zri 5Ni 29CP5 . 6C06 . 6Hn2 . 6A1 1 . 7Fe5 

14. V22T1l6Zrl6Nl39Fe7 

15. V25Til7Zrl7Ni35Co7 

16. V22T1l6Zrl6N134Co7Fe6 

17. V21Til5Zrl5Ni31Cr6Fe6Co6 
8. (V22Til6Zrl6Ni39Cr7)95Si5 

19. (V22Til6Zrl6Ni39Cr7)95Sn5 

20. (V22Til6Zrl6Ni39Cr7)95Zn5 

21 . V20.2Til5.4Zn4.5Ni36.6Cr4.8Fe8. 6 

22. V22Til6Zrl6Ni39Cr7 
(Control) 
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The -100 mesh hydrogen storage alloy material obtained from the 
hydride/dehydride process was further reduced 1n size by impact milling. 
In the high speed impact milling process used to prepare the samples for 
the Examples described herein, the -100 mesh hydrogen storage alloy 
particles were tangential ly and radially accelerated against an impact 
block. This was substantially as described in our commonly assigned, 
U.S. Patent No. 4,915,898 filed February 9, 1989, in the names of Merle 
Wolff, Mark A. Muss, Michael A. Fetcenko, Andrea A. Lijoi, Steven P. 
Sumner, Joseph LaRocca, and Thomas Kaatz, for IMPROVED METHOD FOR THE 
CONTINUOUS FABRICATION OF COMMINUTED HYDROGEN STORAGE ALLOY NEGATIVE 
ELECTRODE MATERIAL, the disclosure of which is incorporated herein by 
reference. 

A fraction of hydrogen storage alloy material was recovered from 
the impact milling process. This fraction was minus 200 mesh, with a 
mass average particle size of about 400 mesh (38 micron) 

The minus 200 mesh fraction of hydrogen storage alloy material 
powder was then bonded to a nickel screen current collector. Bonding was 
carried out by disposing a layer of the hydrogen storage alloy powder 
onto the current collector, and compacting the powder and current 
collector. Compacting was carried out under an inert atmosphere, with 
two compaction steps, each at a pressure of about 16 tons per square inch 
of current carrier. Thereafter the current collector and powder were 
sintered in an atmosphere of about 2 atomic percent H 2 » balance argon. 

Samples of the resulting negative electrodes were then tested 
for electrode capacity in beaker cells with 30 weight percent K0H 
electrolytes. Electrodes of about 16 grams were tested with excess 
positive electrode capacity, and a Hg/HgO reference electrode. The 
electrodes were charged at 500 mA for 15 hours, and subsequently 
discharged at 500 mA to a voltage of -0.700 volt versus the Hg/HgO 
reference electrode. The capacity of each of the negative electrodes was 
measured at a 50 mA/g. The measured capacities of compositions 1-10 are 
shown in Table 1-2. 
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TABLE 1-2 
ELECTRICAL PROPERTIES AS 
A FUNCTION OF COMPOSITION 



COMPOSITION 



CAPACITY 



mi Hi Ampere 
hours per gram 



1. (V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) 95 Al 5 

2. (V 22 Ti 16 Zr 16 Nl 39 Cr 7 ) 95 Mn 5 



342 
355 



3. <V 22 Ti 16 2r 16 Ni 39 Cr 7 ) 95 Cu 5 



333 



4. (V 22 Ti 16 2r 16 Ni 39 Cr 7 ) 95 W 5 



320 



5. (V 22 Ti 16 Zr 16 Ni 3g Cr 7 ) 95 Fe 5 



6- (V„„Ti„Zr Ni Cr )„ Co c 
v 22 16 16 39 7 95 5 



355 
349 



7 ' V 22 Ti 16 Zr l6 N1 39 Cr 7 
(Control) 



320 



8. V 22 Ti 16 Zr 16 Ni 32 Cr 7 Co 7 



349 



9 - V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 
Co 6.6 Hn 3.6 A1 2.7 



320 



10. V 22 Ti u Zr 16 Ni 27 8 Cr 7 
C0 5.9 Mn 3.1 A1 2.2 



320 



This Example particularly shows the effect of the modifiers Al, 
Hn, Cu, W, Fe, and Co, and the combination of Co, Mn, and Al on the 
capacity. Also to be noted is that the particular substitution is 
critical. For example 1n samples 1 through 6 the modifier is partially 
substituting for the V-Ti-Zr-Ni-Cr, while in samples 8 through 10 the 
modifier is partially substituting for the Ni only. Sample 7 is a 
V-Ti-Zr-Ni-Cr control. 
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Example II 



In this example sealed cells were fabricated to measure the 
effects of specific modifiers, modifier substitutions, and modifier 
combinations on midpoint cell voltage. 

Negative electrode materials were prepared as described in 
Example I, above. The resulting negative electrodes were trimmed to size, 
and wound, with polyimide separators and N1(0H) 2 positive electrodes, 
to form "jelly rolls". These jelly rolls were then placed in "C" size 
cell cans, a 30 weight percent KOH electrolyte solution was added to each 
cell can, and the cells were sealed to form starved, sealed "C" cells. 

Each of the cells were tested under identical conditions, and 
under varying discharge rates. The midpoint cell voltages were recorded, 
and are reported in Table II— 1 - 
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TABLE I 1-1 
ELECTRICAL PROPERTIES AS 
FUNCTION OF COMPOSITION 



MIDPOINT VOLTAGE 





#uU mA 


2 Anrc 


I 


4 Amp 


( V22T1 1 6Zrl 6Ni 39Cr7 ) 95A1 5 


1.20 V 


1.18 


V 


1.14 V 


( V22T1 1 6Zr1 6Ni 39Cr7 ) 95Mn5 


1.22 V 


1.19 


V 


1.15 V 


( V22T1 1 6Zrl 6N1 39Cr7 ) 95Ho5 


1.21 V 


1.18 


V 


1.14 V 


( V22T1 1 6Zrl 6N1 39Cr7 ) 95CU5 


1.22 V 


1.17 


V 


1.14 V 


( V22T1 1 6Zrl 6Ni 39Cr7 ) 95W5 


1.22 V 


1.19 


V 


1.14 V 


( V22T1 1 6Zri 6N1 39Cr7 ) 95Fe5 


1.23 V 


1.18 


V 


1.14 V 


( V22Til 6Zrl 6N1 39Cr7 )95Co5 


1.23 V 


1.20 


V 


1.16 V 


V22T116Zr16Nl39Cr7 
(Control) 


1.22 V 


1.17 


V 


1.13 V 


V33T117Zrl7Nl33 


1.16 V 


1.15 


V 


1.10 V 


V25T1l7Zr17Nl42 


1.23 V 


1.19 


V 


1.14 V 


V22Ti1 6Zr1 6N1 32Cr7Co7 


1.23 V 


1.19 


V 


1.14 V 


V20 . 6Ti 1 5Zrl 5N1 30Cr6 . 6 
Co6.6Mn3.6Al 2. 7 


1.23 V 


1.21 


V 


1.17 V 


V22Ti16Zrl6Ni27.8Cr7 
Co5.9Mn3.1A12. 2 


1.22 V 


1.19 


V 


1.14 V 
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Example III 

In this example sealed cells were fabricated to measure the 
effects of specific modifiers, modifier substitutions, and modifier 
combinations on midpoint cell voltage. 

Negative electrode materials were prepared as described 1n 
Example I, above. The resulting negative electrodes were trimmed to size, 
and wound, with nylon separators and Ni(0H) 2 positive electrodes, to 
form "jelly rolls". These jelly rolls were then placed in "C" size cell 
cans, a 30 weight percent KOH electrolyte solution was added to each cell 
can, and the cells were sealed to form starved, sealed "C" cells. 

Each of the cells were tested under identical conditions of a 7 
Amp discharge. The midpoint cell voltages were recorded, and are 

reported in Table III-l. 
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TABLE I I 1-1 
ELECTRICAL PROPERTIES AS 
FUNCTION OF COMPOSITION 



MIDPOINT V0LTA6E 

7 AMP 

A B 

1. V 22 Ti 16 Zr 16 N1 26 Cr 7 C0 15 1 * 100 1,090 

2. V 19 Ti u Zr 14 Ni 34 Cr 20 

3 ' V l9.6 T1 l5 Zr l5" 1 29 Cr 5.6 C0 6.6 l,n 2.6 Al l.7 Fe 5 1 -° 6 ° 1075 

4 - V 22 T1 16 Zr i6 Ni 39 Fe 7 1 - 075 1100 

5 ' V 25 Ti 17 Zr i7 N1 35 C °7 1M * 1 - 090 

6. V T1 Zr Ni Co Fe 1.103 1.090 

22 16 16 34 7 6 

7. V_.Ti-.Zr._Ni 0 ,Cr t Fe c Co c 1.105 1.104 

ci Id \o oi d o b 

8. (V 22 Ti i6 Zr l6 N1 39 Cr 7 ) 95 Si 5 1,075 1,085 

9. (V 22 Ti 16 Zr 16 Ni 39 Cr 7 )g 5 Sn 5 1.020 1.060 

10. (V 22 T1 l6 Zr l6 Ni 39 Cr 7 ) g5 Zn 5 1.080 1.070 

11 • V oft Ji, e Jr.. e N1„ .Cr. Fb_ . 1.04 0.97 
20.2 15.4 14.5 36.6 4.8 8.6 

12. v 22 Ti i6 Zr 16 Ni 39 Cr 7 1,048 1,05 
(Control) 
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Example IV 

The cells of Example II were also tested for capacity and 
results shown in Table IV-1 were obtained. 

TABLE IV-1 
Fl FCTRICAL PROPERTIES AS 
FlllirTTOM OF COMPOSITION 



ELECTRICAL CAPACITY 





700 


mA 


9 


> Amp 


4 Amp 


( V22T1 1 6Zrl 6Ni 39Cr7 ) 95A1 5 


3.44 


AH 


3. 


.28 


AH 


3. 


12 


AH 


( V22Ti 1 6Zri 6N1 39Cr7)95Hn5 


3.47 


AH 


3. 


.33 


AH 


3. 


15 


AH 


( V22Ti 1 6Zrl 6Ni 39Cr7 ) 95Ho5 


3.51 


AH 


3, 


.36 


AH 


3. 


.21 


AH 


( V22T1 1 6Zri 6Ni 39Cr7)95Cu5 


3.59 


AH 


3. 


.46 


AH 


3. 


30 


AH 


( V22Ti 1 6Zrl 6Ni 39Cr7 )95W5 


3.59 


AH 


3 


.44 


AH 


3. 




AH 


(V22Til6Zrl6Nl39Cr7)95Fe5 


3.61 


AH 


3. 


.47 


AH 


3. 


.37 


AH 


( V22Ti 1 6Zrl 6N1 39C r7 ) 95Co 5 


3.71 


AH 


3 


.57 


AH 


3. 


.52 


AH 


V22Til6Zrl6Ni39Cr7 


3.64 


AH 


3 


.44 


AH 


3. 


.40 


AH 


(Control) 


















V33Til7Zrl7M133 


3.46 


AH 


2 


.97 


AH 


2. 


.54 


AH 


V25T1l7Zrl7Nl42 


3.70 


AH 


3 


.55 


AH 


3. 


.35 


AH 


V22Til 6ZH 6Ni32Cr7Co7 


3.68 


AH 


3 


.56 


AH 


3. 


.47 


AH 


V20 . 6Ti 1 5Zrl 5Ni 30Cr6 . 6 


3.66 


AH 




.58 


AH 




37 


AH 


Co6.6Mn3.6Al 2. 7 


3 




V22Til6Zri6Ni27.8Cr7 


3.70 


AH 




.48 


AH 




.37 


AH 


Co5.9Mn3.lAl2. 2 


3 


3. 
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TABLE IV-2 
ELECTRICAL PROPERTIES AS 
FUNCTION OF COMPOSITION 

INTERNAL RESISTANCE 
(OHMS) 



(V22Til6Zri6Ni39Cr7)95Al5 0.52 

(V22T1l6Zrl6N139Cr7)95Mn5 0.49 

(V22TH6Zrl6N139Cr7)95Ho5 0.42 

(V22TH6Zrl6Ni39Cr7)95Cu5 0.50 

(V22Til6Zrl6Nl39Cr7)95W5 0.54 

(V22Tll6Zrl6Nl39Cr7)95Fe5 0.31 

(V22T1l6Zri6Nl39Cr7)95Co5 0.48 

V22T1l6Zn6Ni39Cr7 0.51 
(Control) 

V33T1l7Zrl7Nl33 0.52 

V25Til7Zrl7Ni42 0.30 

V22T1l6Zrl6Nl32Cr7Co7 0.48 

V20 . 6T11 5Zri 5Ni 30CP6 . 6 

Co6.6Mn3.6Al 2. 7 0.42 

V22T1l6Zrl6Nl27.8Cr7 

Co5.9Mn3.1Al2.2 0.48 
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Example V 



The cells of Example III were also tested for capacity 
and the results shown in Table V-l were obtained. 

TABEL V-I 
FLECTRICAL PROPERTIES AS 
ciiMPTTflM OF COMPOSITION 



V 22 Ti 16 Zr 16 Ni 26 Cr 7 C °15 

2. V 19 Ti 14 Zr 14 Ni 34 Cr 20 

3. V Ti Zr, Ni Cr Co ,Hn Al Fe 

19.6 15 15 29 5.6 6.6 2.6 1.7 5 



4 - V 22 T1 16 2r i6 Ni 39 Fe 7 



5 ' V 25 Ti 17 Zr i7 Nl 35 C °7 



6 - V 22 Ti 16 Zr 16 Ni 34 C0 7 Fe 6 

7. V 21 Ti 15 Zr 15 Ni 31 Cr 6 Fe 6 Co 6 

8. (V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) 95 Sl 5 

9. (V 22 Ti 16 Zr 16 Nl 39 Cr 7 ) 95 Sn 5 

10. (V 22 Ti 16 Zr 16 Nl 3g Cr 7 ) 95 Zn 5 

11 • V 20.2 Ti 15.4 Zr 14.5 Nl 36.6 Cr 4.8 Fe 8.6 

12. V 22 Ti l6 Zr l6 N1 39 Cr ? 
(Control) 



ELECTRICAL CAPACITY 
700 AHP 2 AMP 
3.63 AH 3.570 



3.10 



3.52 
3.57 
3.55 
3.58 
3.65 
3.65 
3.62 
3.58 
3.64 



2.76 



3.56 



3.43 
3 50 
3.43 
3.50 
3.53 
3.50 
3.47 
3.40 
3.44 



3.475 
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Example VI 

A series of tests were conducted under half cell conditions to 
determine the internal resistances of the electrodes. Negative electrode 
samples, each with approximately 16 grams of active material and of the 
type described in Example I, were tested. The tests were carried out 
with excess electrolyte, excess capacity positive electrodes, and with a 
Hg/HgO reference electrode to measure the half cell voltage. 

In the tests the negative electrodes were cycled through two 
charge/discharge cycles, with charging at 500 mA to 150% of electrode 
capacity. The electrodes were measured for discharge polarization on the 
third cycle. 

The discharge was done under the repetitive pulse conditions 
shown in Table VI-1, hereinbelow, with the metal hydride electrode versus 
the Hg/HgO electrode being continuously monitored. The polarization 
values are listed in Table VI-2, hereinbelow. It should be noted that 
the magnitude of the internal resistance is highly dependent on test 
conditions, and that comparative results are only valid if the tests are 
carried out under identical conditions. In the tests reported 
hereinabove, the tests were carried out under identical conditions. 

To be particularly noted is that what appear to be slight changes 
in compositions of the alloys can actually cause very significant 
differences in parameters. 
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TABLE VI-1 
PHI SF CONDITIONS 

FOR nETERMINING 



TMTFPMAI RESISTANCE 



TIME 
Seconds 
60 Seconds 
60 Seconds 
60 Seconds 
60 Seconds 



CURRENT 
Amperes 
0 Amperes 
700 MA 
2 Amperes 
5 Amperes 
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TABLE VI-2 
ELECTRICAL PROPERTIES AS 
FUNCTION OF COMPOSITION 



< V 22 T1 l6 Zr l6 N1 39 Cr 7>95 Al 5 
(V 22 Ti 16 2r 16 Ni 39 Cr 7 ) g5 Hn 5 

(V 22 Ti 16 Zr 16 Ni 39 Cr 7>95 H °5 



22 16 16 39 7 95 5 



(V 22 Ti 16 Zr i6 Ni 39 Cr 7>95 W 5 



(V 22 Ti 16 Zr i6 Ni 39 Cr 7>95 Fe 5 



22 16 16 39 7 95 5 



V 22 T1 16 Zr i6 Ni 39 Cr 7 
(Control) 



INTERNAL RESISTANCE 
(OHNS) 

0.52 
0.49 
0.42 
0.50 
0.54 
0.31 
0.48 
0.51 



V 33 Tl 17 Zr 17 Ni 33 



V 25 Ti 17 Zr 17 Ni 42 



V 22 Ti 16 Zr 16 Ni 32 Cr 7 Co 7 



0.52 
0.30 
0.48 



V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 
Co 6.6 Mn 3.6 A1 2.7 



0.42 



22 16 16 27.8 7 
Co 5.9 Hn 3.1 A1 2.2 



0.48 
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Example VII 

Cells of the type utilized in Examples III and IV, above, were 
were utilized to determine the cold temperature characteristics as a 
function of the negative electrode composition. In each test the cells 
were charged at room temperature, and at a charging current of 350 mA, 
for fifteen hours. The cells were then placed in a cold temperature 
cabinet, at a temperature of minus 20 0 C for six hours on open 
circuit. The cells were then discharged at minus 20° C at a 1.75 Amp 
discharge current. The capacity to a 0.85 Volt cutoff, and the midpoint 
voltage are reported in Tables VII-1, and VII-2, respectively. 



Example VIII 

Two electrode samples of the type described in Example I, 
hereinabove, underwent life cycle testing. The electrodes were formed of 

V 22 T1 16 Zr i6 Ni 39 Cr 7 "* 
V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 Co 6.6 Hn 3.6 A1 2.7- 

The two negative electrode samples, each with approximately 16 
grams of active material and of the type described 1n Example I, were 
tested. The tests were carried out with excess electrolyte and excess 
capacity positive electrodes, and with a Hg/HgO reference electrode to 
continuously measure and record the half cell voltage. 

In the tests the negative electrodes were cycled through the 
charge/discharge cycles, with charging at 500 mA to 150* of electrode 
capacity. Discharge was also at 500 mA to a cutoff voltage of minus 0.7 
Volts versus the Hg/HgO reference electrode. 
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TABLE VII 
ELECTRICAL PROPERTIES AS 
FUNCTION OF COMPOSITION 

LOW TEMPERATURE 



PROPERTIES 











wilt! f— WTT ^ 

TABLE VII— 1 


TABLE VII-Z 




Capacity 
(1.75 A) 


Midpoint 
Voltage 


( V22T1 1 6Zri 6N1 39Cr7 ) 95A1 5 


0.82 AH 


1 .05 V 


( V22T1 1 6Zrl 6N1 39Cr7)95Mn5 


0.89 AH 


1 .04 V 


(V22T1l6Zrl6Ni39Cr7)95Mo5 


0.09 AH 


0.98 V 


( V22T1 1 6ZH 6N1 39CH ) 95CU5 


0.06 AH 


0.95 V 


( V22T11 6ZH 6N1 39Cr7 ) 95W5 


1.28 AH 


1.03 V 


( V22T1 1 6ZH 6N1 39Cr7)95Fe5 


1.03 AH 


1.06 V 


( V22T1 1 6ZH 6N1 39Cr7 )95Co5 


1 .26 AH 


1.02 V 


V22Til6ZH6Ni39Cn 
(Control) 


0.76 AH 


1.03 V 


V33T117ZH7N133 


0.54 AH 


1.05 V 


V25T1l7Zrl7Nl42 


0.54 AH 


1.05 V 


V22T116Zn6Ni32Cr7Co7 


0.60 AH 


1.07 V 


V20.6Ti15Zrl5N130Cr6.6 
Co6.6Mn3.6A1 2. 7 


2.30 AH 


1.04 V 


V22T1l6Zri6Nl27.8Cr7 
Co5.9Hn3.lAl2.2 


1.18 AH 


1.01 V 
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The results are reported in Figure 3. 

Example IX 

Sealed cells of the type described in Examples II and IV, 
hereinabove underwent life cycle testing. During each cycle the cells 
were charged at a charge current of 1.8 Amperes to a temperature cutoff, 
and then discharged at a discharge rate of 2.0 Amperes to a cutoff 
voltage of 1.0 volts. This test mode 1s especially aggressive. Even with 
compositions showing capacity loss, the addition of overcharge causes 
capacity to significantly increase. Thus, this example illustrates 
charging efficiency under cycle testing and is useful in the comparison 
of composition effects. 

The results are shown in Figures 4-1 through 4-8. The Figures are 
correlated with compositions in Table IX-1 below. 
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TABLE IX-1 
CORRELATION OF FIBURE NUMBERS 
WITH COMPOSITIONS 

Figure Composition 
4-1 V 22 Ti 16 Zr 16 Ni 39 Cr ? (Control) 
4-2 (V 22 Ti 16 Zr 16 Ni 3g Cr 7 ) 95 Mn 5 
4-3 (V 22 Ti 16 Zr 16 Ni 3g Cr 7 ) 95 Cu 5 
4-4 (V 22 Ti 16 Zr 16 Ni 3g Cr 7 ) 95 Fe 5 
4-5 (V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) g5 Co 5 



4 " 6 V 22 Ti 16 Zr i6 Ni 32 Cr 7 C0 7 



4 " 7 V 20.6 T1 15 Zr i5 N1 30 Cr 6.6 
Co 6.6 Hn 3.6 Al 2.7 



4-8 V 22 Ti 16 Zr 16 Ni 27 8 Cr 7 
Co 5.9 Mn 3.1 A1 2.2 



WO 91/08167 



65 



PCI7US90/06806 



Example X 

Affect of certain modifiers on negative electrodes compared to 
electrodes of standard material composition. 

The cells which had been electrochemically cycled and tested for 
various electrochemical parameters were analyzed. One cell had a 
negative electrode material composition of v 22 Ti i6 Zr i6 Ni 39 Cr 7 
and was measured to have a low cycle life. The other cells had negative 
electrode material compositions that were modified according to the 
invention. These compositions were: 

V 22 Ti 16 Zr 16 Ni 32 Cr 7 Co 7' V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 C °6.6 Mn 

3 6 A1 2 7 . and V 2 2 T W r 16 Ni 27.8 Cr 7 Co 5.9 ,ta 3.1 A1 2.2- 

The cells with the modified composition negative electrodes were all 
measured to have a high cycle life. 

The cells were dismantled and analyzed for negative electrode 
surface area. This involved dismantling the cell in an Argon 
atmosphere. The negative electrodes then underwent Soxhlet extraction to 
remove the potassium hydroxide electrolyte. The electrodes were then 
dried at about 60°C for a period of about 24 hours under an Argon 
environment. About 1 to 2 grams from each dried electrode was used for 
surface area measurement. 

Surface area was determined by the well known gas absorption 
surface area measurement (BET) technique. The electrode segments were 
placed in a bulk sample cell and outgassed under a nitrogen purge at a 
temperature of 250 to 300°C. The sample cell was then immersed in 
liquid nitrogen under an atmosphere of 0.3 mole fraction nitrogen 1n 
balance Helium. • The amount of nitrogen absorbed is proportional to the 
sample surface area and 1s measured using a Model Q5-9 Quantasorb (TM) 
surface area analyzer, manufactured by Quantachrome. 

BET surface areas presented in Table X-l are expressed as area in 
square meters per gram of active material and are alternately expressed 
as roughness factor. The roughness factor is dimensionless, and 1s the 
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total sample surface area divided by the outside or geometric surface 
area. To be noted is that the material with a poor cycle life had a low 
BET surface area, and slowly attained a higher surface area, while the 
materials with high cycle lives attained high BET surface areas after 
only a few cycles, e.g., six cycles. 

TABLE X-1 

SURFACE AREA 



Composition 



Roughness 
Factor 



Surface 
Area (M 2 /g) 



V 2 2 T1 l6 Zr i6 N1 39 Cr 7 



Control 



Cycle 5 
Cycle 170 



3,300 
18,000 



5.8 
29.8 



V 22 Ti 16 Zr 16 Ni 32 Cr 7 C0 7 



Cycle 6 
Cycle 250 



12,500 
13,200 



22.3 
24.1 



V 20.6 Ti 15 Zr 15 Ni 30 Cr 6.6 
Co 6.6 Hn 3.6 A1 2.7 



Cycle 6 



12,500 



22.3 



V 22 Ti 16 Zr 16 Ni 27.8 Cr 7 
C0 5.9 Mn 3.1 A1 2.2 



Cycle 6 



11,500 



25.0 
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Example XI 

The relative corrosion rates of V 22 Ti 16 Zr 16 Ni 39 Cr 7 
(control) and v 2 0.6 Ti 15 Zr 15 Ni 30 Cr 6.6 Co 6.6 Hn 3.6 A1 2.7 

(modified according to the invention) were measured. Negative electrodes 
were prepared from each alloy as described in Example I. The electrodes, 
with about 16 grams each of active material, corresponding to C size 
cells, were placed into about 100 ml of electrolyte. 

Both the el ectrol yte concentrati on and the el ectrol yte 
temperature were controlled. Electrolyte samples were periodically 
removed and analyzed for vanadium by atomic absorption analysis. 
Vanadium was selected as the tracer element because the vanadium level in 
the electrolyte is considered an overall measure of the corrosion 
properties of the alloy. This is because the vanadium is easily soluble 
in the electrolyte. The results were then normalized to correspond to an 
actual C cell having an electrolyte level of about 6.5 ml. 

Figures 5-1 through 5-3 show corrosion data for each alloy as a 
function of time in 30% KOH at 60° C (FIGURE 5-1), 45% KOH at 20° C 
(FIGURE 5-2), and 30% KOH at 20° C (FIGURE 5-3). In each case "CR07° 
corresponds to the control material of the prior art, 

V Ti Zr Ni Cr and "HF-16 0 corresponds to the modified 
22 16 16 39 7 

material of the invention, 

V 20.6 T1 l5 Zr i5 Ni 30 Cr 6.6 CO 6.6 Mn 3.6 Al 2.7 " 

It can be seen that under all conditions the standard alloy, 
"CR07 M , has significantly higher corrosion than the modified M HF-16 n 
alloy. 

Example XII 

Sealed cells of the type described in Examples III and IV, 
hereinabove underwent life cycle testing. During each cycle the cells 
were charged at a charge current of 1.8 Amperes to a temperature cutoff, 
and then discharged at a discharge rate of 2.0 Amperes to a cutoff 
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voltage of 1.0 volts. This test mode is especially aggressive. Even with 
compositions showing capacity loss, the addition of overcharge causes 
capacity to significantly increase. Thus, this example illustrates 
charging efficiency under cycle testing and is useful in the comparison 
of composition effects. 



The results are shown in Figures 6a through 6k. The Figures are 
correlated with compositions in Table XII-1 below. Results for the alloy 

V 19 T ^14 Zr 14 N ^34 Cr 20 were not ava ^ a ' ) l e - 
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TABLE XI-1 
CORRELATION OF FIGURE NUMBERS 
WITH COMPOSITIONS 



Figure Composition 



63 V 22 Ti 16 Zr i6 Nl 26 Cr 7 C °15 

6b V6 T S5 Zr 15 N VV6 C Y6^>.6 Al 1.7 Fe 5 



6C V 22 Ti 16 Zr i6 Nl 39 Fe 7 



6d V 25 Ti 17 Zr 17 Ni 35 C0 7 



6e V 22 Ti 16 2r i6 Ni 34 C °7 Fe 6 



6f VW r 15 Ni 31 Cr 6 Fe 6 Co 6 

6g (V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) g5 Si 5 

6h (V 22 Ti 16 Zr 16 Ni 39 Cr 7 ) 95 Sn 5 

61 (V 22 T1 l6 Zr l6 Ni 39 Cr 7 ) 95 Zn 5 

« V 20.2 Ti 15-4 Zr 14.5 Ni 36.6 Cr 4.B Fe 8.6 



6k V 22 Ti 16 Zr i6 Nl 39 Cr 7 
(Control) 
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Example XIII 



As discussed hereinabove, the instant inventors have found that 
alloys possessing a heavy V-Cr phase were often characterized by reduced 
electrochemical performance. This is believed to have occurred due to - 
the hydrogen storing element (vanadium) is heavily concentrated in the 
V-Cr phase, being susceptible to oxidation and corrosion and rate 
dependent due to low concentration of catalyst. This significantly 
undermines the performance of any electrode fabricated from the alloy and 
of course reduces the cycle life of an electrochemical cell. 

Figures 7a-7j are scanning electron photomicrographs of the 
alloys 11-22 set forth in Table I above. In these photomicrographs the 

V-Cr phase appears as large dark agglomerations randomly disposed 
throughout the matrix of the hydrogen storage alloy. This is 
particularly evident in for example Figure 4b wherein the V-Cr is 
prevelant throughout the hydrogen storage alloy material. However, 
though compositional modification, it is possible to reduce, or even 
eliminate the presence of the V-Cr phase, (see for example Figures 4g and 
4c). As demonstrated hereinabove, the improvements in alloy 
electrochemical performance are dramatic. Photomicrographs for for the 

alloys < V 22 Ti 16 Zr 16 Ni 39 Cr 7>95 Zn 5 and 

V 20.2 Ti 15.4 Zr 14.5 Ni 36.6 Cr 4.8 Fe 8.6 Were n0t available - 



While the invention has been described with respect to certain 
preferred exemplification and embodiment, it is not intended to limit the 
scope of the invention thereby, but solely by the claims appended hereto. 
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WHAT IS CLAIMED IS: 

1. A V-T1-Zr-N1-Cr type electrochemical hydrogen storage alloy 
in which the V, Ti, Zr, N1 and Cr are Individually or collectively 
partially replaced by one or more modifiers, and the alloy has the 
composition: 

< V y-y Mi y T1 x'-x Zr x Cr z)a H, b H "c H d 1iH l V 

where x« is between 1.8 and 2.2, x is between 0 and 1.5, y' is between 
3.6 and 4.4, y is between 0.6 and 3.5, z is between 0.00 and 1.44, a 
designates that the V-Nl-H-Zr-Cr component, 

(V Ni Ti , Zr Cr ), as a group, is at least 70 atomic 
percent Vthe aNoy, and H' , M". M 11i , and H 1v are modifiers chosen 
from the group consisting of Al, Hn, Ho, Cu, W, Fe, Co, Si, Sn, Zn and 
combinations thereof, and b,c,d, and e are modifier concentrations in the 
alloy, and the sum of b+c-Kl+e 1s an effective amount of modifiers up to 
30 atomic percent of the alloy. 

2. The V-T1-Zr-N1-Cr type electrochemical hydrogen storage 
alloy of claim 1 where H' = Co as a modifier. 

3. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 3 wherein the modifiers further comprise Mn, and Al. 

4. The V-Tl-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 3 having the composition within the homogeneity range of 

V 20.6 Ti 15 2r i5 Mi 30 Cr 6.6 C °6.6 Mn 3.6 A1 2.7- 

5. The V-T1-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 3 having the composition within the homogeneity range of 

V 22 Ti 16 Zr i6 Ni 32 Cr 7 C V 

6. The V-T1-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the homogenity range of 

V Ti Zr, .Ni Cr . 
19 14 14 34 20 



WO 91/08167 



72 



PCT/US90/06806 



7. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the 
homogenity range of V ig .J V^Ni^Cr,. ^ ^ ^ ^ 

8. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the homogenity range of 

9. The V-TI-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the homogenity range of 

10. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the homogenity range of 

22 16 16 34 7 6 

11. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the homogenity range of 

V 21 Ti 15 Zr l5 Ni 31 Cr 6 C °6 Fe 6- 

12. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 1 having the composition within the homogenity range of 

V 20:2 T1 15.4 Zr i4.5 Ni 36.6 Cr 4.8 Fe 8.6- 

13. A reversible, multi component V-Ti-Zr-Ni-Cr type 
electrochemical hydrogen storage alloy having at least one modifier 
therein which increases the low temperature voltage of the alloy measured 
in a sealed, rechargeable, electrochemical cell, said alloy having the 
composition: 

(Vy.^i/i^^Cr^^^H-^^H^ 

where x' is between 1.8 and 2.2, x is between 0 and 1.5, y 1 is between 
3.6 and 4.4, y is between 0*6 and 3.5, z is between 0.00 and 1.44, a 
designates that the V-Ni-T1-Zr-Cr component, 

(V, Ni Ti_ Zr Cr ), as a group, is at least 70 atomic percent 
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of the alloy, and M\ M\ M 111 , and H 1V are modifiers, and b,c,d, and 
e are modifier concentrations in the alloy, and the sum of b+c+d+e is an 
effective amount of modifier up to 30 atomic percent of the alloy. 

14. The V-Ti-Zr-Ni-Cr type electrochemical hydrogen storage 
alloy of claim 13 where H' , as a modifier, is chosen from the group 
consisting of (1) Al, (2) Mn, (3) Fe, (4) Co, and (5) Co with one or more 
of (i) Mn, (11) Al, and combinations thereof. 
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